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Abstract 
 
 
Light Scattering in Holographic Polymer Dispersed Liquid Crystals 
Ben E. Pelleg 
Adam K. Fontecchio, PhD. 
 
 Holographic polymer dispersed liquid crystals (HPDLCs) are electro-optic 
devices that at the most basic level act as switchable color filters. The device is a Bragg 
grating structure made up of alternating layers of liquid crystal droplets and polymer 
planes. When no voltage is applied to the HPDLC, it reflects a narrow band of 
wavelengths, centered on the Bragg wavelength, and transmits other wavelengths of the 
incident light. When a voltage is applied, the device becomes transparent to the Bragg 
wavelength and transmits all of the incident light. HPDLCs have been used in a variety of 
different applications including remote sensing, hyperspectral imaging, switchable 
holographic optical elements, and displays. The light transmission and reflection 
properties of HPDLCs have been studied extensively, both experimentally and 
theoretically. However, the light scattering in HPDLCs has not been thoroughly studied 
even though it plays a large role in the device’s performance in optical systems.  
This thesis will describe theoretical and experimental approaches to 
understanding light scattering in HPDLCs. A Monte Carlo model has been utilized to 
model the reflection, transmission, and scattering of light through an HPDLC. The 
reflections and transmission are modeled using a newly developed method for calculating 
reflection probabilities for structures in which the interference properties of light effect 
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the light propagation. The scattering is modeled using a discrete dipole approximation 
approach. Scattering in HPDLCs is experimentally investigated and the results are 
compared to the Monte Carlo method. The experimental and theoretical results are 
analyzed to determine microscopic properties of the HPDLC. Finally, contributions to the 
understanding of light scattering in HPDLCs and other complex scattering media are 
discussed. 
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CHAPTER 1.  Scope of the Thesis 
 
1.1 Introduction 
The purpose of this thesis is to theoretically and experimentally understand light 
scattering in holographic polymer dispersed liquid crystals (HPDLCs). HPDLCs are 
electro-optic devices that consist of alternating layers of polymer and liquid crystal 
droplets. In reflection-mode HPDLCs, the alternating layers form a Bragg grating, as 
seen in Figure 1, which reflects a specific wavelength known as the Bragg wavelength. 
For Bragg wavelengths in the visible spectrum, the layer thickness is usually on the order 
of a few hundred nanometers.  The liquid crystal and polymer are chosen such that when 
a voltage is applied, the liquid crystals align in the field and the refractive index 
difference between the polymer and liquid crystal layer decreases.  With a field applied, 
the Bragg wavelength is transmitted; the transmission and reflection of light at the Bragg 
wavelength can be modulated by varying the applied field. Figure 2 shows a scanning 
electron microscopy (SEM) image of an HPDLC cross section; the liquid crystal droplets 
and polymer planes can clearly be seen. 
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Figure 1:  Diagram showing the HPDLC in the on and off state. When no voltage is 
applied, the index mismatch between the liquid crystal layers and the polymer layers 
creates an index mismatch, which results in a Bragg wavelength. When a voltage is 
applied, the liquid crystals align in the direction of the field and the index mismatch 
disappears, resulting in greater transmittance of the Bragg wavelength. 
 
 
 
 
 
Figure 2:  SEM image of an HPDLC cross section. The planes of liquid crystal droplets 
and polymer can be clearly seen. 
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There is interest in using HPDLCs in many different applications such as: 
displays [1], spectral imagers [2], and optical communication systems [3]. The HPDLCs 
ability to modulation the transmission and reflection of incoming light is utilized in these 
applications. The transmission and reflection of light incident on HPDLCs has been 
extensively studied [4], but light scattering can play an important role in the HPDLC 
device performance, yet it has not been deeply investigated. 
An example of the effect of scattering on a spectral imaging system is shown in 
Figure 3.  The system shown uses a pixilated HPDLC to modulate the wavelength of 
incident light reaching the detector. Scattering not only decreases the total transmission 
through the HPDLC, but also results in errors in the spectral analysis. However, if the 
angular distribution of scattered light was understood, post-processing techniques could 
be used to decrease the error rate of the spectral analysis. Additionally, an understanding 
of the light propagation through an HPDLC can be used to determine microscopic 
properties of the HPDLC by examining the macroscopic light scattering properties of the 
sample. 
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Figure 3:  Diagram showing a pixilated HPDLC used in an optical imaging system.  The 
HPDLC can modulate incoming light at the Bragg wavelength and therefore can be used 
as a detection system.  The red lines represent scattered light which decreases the optical 
system’s performance. 
 
 
 
 
1.2 Thesis Outline 
This thesis begins with an overview of the physical fundamentals required to 
understand light scattering in HPDLCs.  Chapter 2 will describe these fundamentals in 
detail.  Specifically, liquid crystals and polymers will be introduced and their material 
properties described.  This will be followed by an introduction of Bragg gratings and 
their photonic properties.  HPDLCs and their applications will be formally explained.  
The mechanisms of light scattering will be described along with a brief description of 
some of the mathematics involved.  Finally, an overview of Monte Carlo methods or light 
propagation calculations will be given. 
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Chapter 3 will review the state of the art in the field of scattering in liquid 
crystal/polymer devices.  First, literature concerning scattering from a single liquid 
crystal droplet in a homogenous medium will be reviewed.  Then scattering in polymer 
dispersed liquid crystal (PDLC) devices will be examined.  Finally, past work describing 
scattering in HPDLCs will be reviewed.  The chapter will end with a discussion of the 
areas in HPDLC scattering research that are lacking. 
Chapter 4 will overview the methodology taken in conducting the research described 
in this thesis.   The chapter will discuss the general approach to modeling light 
propagation in HPDLCs.  Specifically, a Monte Carlo model for tracking light reflection, 
transmission, scattering, and absorption will be described.  In addition, the experimental 
methodology for measuring the scattered light from HPDLCs will be detailed. 
Chapter 5 will begin the description of the Monte Carlo model’s details and 
complexities.  First, the method for modeling ideal Bragg gratings will be described and 
the results will be shown. The modeling relies on combining electric field amplitude 
calculations with traditional Monte Carlo reflection probability methodology.  Example 
Bragg gratings will be modeled and the results will be compared to analytic results. 
Finally, example Bragg gratings including scattering and absorption will be modeled and 
discussed. 
Chapter 6 will thoroughly discuss the treatment of scattering from the liquid crystal 
droplets. The discrete dipole approximation numerical method will be used to determine 
the scattering efficiency of a liquid crystal droplet for various polarizations of incident 
light. 
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Chapter 7 will describe the simulation parameters used to model the HPLDC.  The 
results, including reflection, transmission, absorption, scattering amplitude and direction, 
and multiple scattering occurrences, will be discussed.  The theoretical results will be 
compared to experimental data. 
Chapter 8 will contain the conclusions and contributions.  The research and 
accomplishments that constitute this thesis will be summarized.  Contributions to the 
field will be described, specifically in the understanding of scattering in HPDLCs and 
more generally to the modeling of light propagation in complex, interfering media. 
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CHAPTER 2.  Fundamentals 
2.1 Nematic liquid crystals 
 In between the common states of matter of solid and liquid are liquid crystals. 
Liquid crystals flow like liquids, but have some degree of order like solids, as seen in 
Figure 4. These unique properties make them an important material for engineering 
applications.  There are several different types of liquid crystals, but nematic liquid 
crystals have been used extensively in engineering due to their electro-optic properties. 
The focus of this study involves uniaxial nematic liquid crystals (rod like molecules) 
which have the following properties [5]: 
1. The centers of gravity of the molecules have no long-range order. 
2. There is order, however, in the orientation of the molecules. The molecules tend 
to line up parallel to each other pointing in a specific direction. This direction is 
known as the director and is given by a unit vector n. 
3. The direction of n is arbitrary in space, but boundary conditions impose a 
preferred direction. 
4. There is no difference between n and –n, that is if each molecule has a permanent 
dipole, there are as many up dipoles as down dipoles in a given system. 
5. The nematic material must not distinguish between right and left; each molecule 
must be achiral or the system must contain equal number of right handed and left 
handed molecules. 
The liquid crystals in the following discussion are utilized in electro-optic 
applications due to their dielectric and refractive index anisotropy. This anisotropy is 
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described by the ordinary axis (parallel to the director), and the extraordinary axis 
(perpendicular to the director). 
 
 
  
Figure 4: States of matter for a material exhibiting the nematic liquid crystal phase [6]. 
The director points in the direction of the average orientation of the long axis of the liquid 
crystal molecules. 
 
 
 
   
 The order of the long-range orientation is quantified by an order parameter S and 
is given by equation (1), where !  is the angle between the long axis of a molecule and 
the director, averaged over all molecules. 
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(1)  
  
If S=1, all of the liquid crystal molecules are perfectly aligned in the same 
direction; if S=0, the orientations are completely random, as in an isotropic fluid. Typical 
nematic liquid crystals have an order parameter S=0.6 – 0.8 [7]. Deformations in the 
ordering of the liquid crystal alignment can be described in three basic deformations, 
splay, twist, and bend [8], as seen in Figure 5.  
 
 
 
Figure 5. The three main liquid crystal deformations. From left to right, splay, twist, and 
bend. The free energy associated with each deformation contributes to the liquid crystal 
configuration in a confined system. 
 
 
 
Additionally, the saddle-splay elastic deformation plays an important role in 
determining molecular orientations in spherical confined systems [9]. The orientations of 
S = 12 3cos
2θ −1
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a confined system of liquid crystal molecules are determined by completing free energy 
calculations. In a basic planar system, the free energy density of the system, F, is given 
by equation (2), where K11 is the splay deformation constant, K22 is the twist deformation 
constant, and K33 is the bend deformation constant [7].  
 
F = 12 K11 !•n( )
2 + K22 n•!" n( )2 + K33 n"!" n( )2#$ %&  
  (2) 
  
In confined systems, the anchoring energy plays an important role in determine 
the molecular configuration of the liquid crystal system. The relative strength of the 
elastic deformation constants and the anchoring energy of the liquid crystal material are 
important for understanding liquid crystal orientations in such systems.  
The optical birefringence, !n , of the liquid crystal material is characterized by 
the difference in ordinary, no, and extraordinary, ne, refractive index, as shown in 
equation (3).  Similarly the electrical permittivity anisotropy, !" , is given by equation 
(4). 
 
  (3) 
  
  (4) 
  
!n = no " ne
!" = "o # "e
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These properties of liquid crystals make them excellent materials for use in 
optical applications due to the fact that the refractive index of the liquid crystal material 
can be modulated by the application of an electric field, as shown in Figure 6. 
 
 
Figure 6. The alignment of a liquid crystal droplet with the application of an electric 
field. 
 
 
2.2 Polymers 
 Polymers are a class of materials formed by repeating sub-units called monomers. 
The polymers relevant to this thesis are photo-polymerizable polymers, or monomers that 
polymerize when exposed to light. The polymers used in HPDLC applications are mostly 
in one of two categories, the multifunctional acrylate and urethane class, and the thiol-ene 
class [10].   
 The acrylate and urethane monomers photo-polymerize in a chain growth 
polymerization process. Chain growth polymerization is characterized by the following 
process. Incident light reacts with an initiator species, which results in a pair free radical. 
The free radical reacts with a monomer to produce a chain-initiating radical. The chain 
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initiating radical reacts with a free monomer to form a polymer chain with one additional 
monomer unit. The end of the new chain becomes a chain-initiating radical and reacts 
with another free monomer. By this method, the polymer chains continue to grow by one 
monomer unit in length until the reaction is terminated.  
 The thiol-ene class of polymers, by contrast, photo-polymerize in a step growth 
process. Where in the chain growth process single monomer units are added to the end of 
the chain, in the step growth process monomers and well as polymers can react with other 
monomers and polymers. For example a trimer can react with a dimer to create a five-unit 
polymer. This process results in polymerization throughout the polymer matrix as 
opposed to just the end of the chain. 
  
2.3 Polymer Dispersed Liquid Crystals 
The electro-optic properties of nematic liquid crystals have been utilized in 
designing devices known as polymer dispersed liquid crystals (PDLCs). PDLCs consist 
of liquid crystal droplets randomly dispersed in a polymer matrix, sandwiched between 
two indium tin oxide coated glass panes. PDLCs are formed by exposing a mixture of 
liquid crystal and photo-polymerizable polymer to a uniform light source. The 
polymerization process results in a phase separation between the liquid crystal and 
polymer that leads to the typical PDLC structure. The liquid crystal and polymer are 
chosen such that when no field is applied, there is a refractive index mismatch between 
the polymer and liquid crystal droplets. However, when an electric field is applied, the 
liquid crystals align in the field and the refractive index of the droplets match with the 
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polymers. This device is therefore highly scattering when no electric field is applied and 
transparent when a field is applied as shown in Figure 7. 
 
 
 
Figure 7. Polymer dispersed liquid crystal. With no field applied, the droplets are in 
random orientations leading to a highly scattering state. When a strong electric field is 
applied, the droplets align in the field leading to a transmissive state. 
 
 
 
 
While light scattering in HPDLCs has not been studied extensively, scattering in 
polymer-dispersed liquid crystals (PDLCs) has been explored both experimentally and 
theoretically. Whereas in HPDLCs the liquid crystals form droplets in ordered layers, in 
PDLCs, the liquid crystal droplets are randomly dispersed. This droplet formation results 
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in a device that is highly scattering (opaque) in the off state and transparent when voltage 
is applied. PDLCs have been used in applications such as displays[11] and privacy 
windows [12]. 
The configuration of the liquid crystal molecules inside the droplet is important to 
the optical properties of the PDLC. Three commonly found liquid crystal configurations 
are shown in Figure 8. The droplet configurations arise due to differing proportions of the 
deformations balanced with the surface energy. The radial droplet configuration only has 
the splay deformation while the bipolar droplet has the splay and the bend deformations. 
The aligned droplet does not suffer any energy penalty due to the liquid crystal 
deformations, but does from the free energy associated with the surface anchoring. They 
aligned configuration is typical of a droplet under a planar electric field. The free energy 
density, Ffield, due to an external electric field, E, is given by equation (5) [7]. 
 
  (5) 
  
 
 
 
 
Ffield = !
1
2 "0#" E in( )
2
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Figure 8. Commonly found liquid crystal configuration when confined in spherical 
droplets. From left to right the configurations are as follows, radial, aligned, and bipolar. 
The configuration that is formed is dependent on the size of the droplet, the anchoring 
energy at the interface, and the free energy of the liquid crystal deformations. 
 
 
An applied electric field can be used to switch the PDLC from a scattering state to 
a transmissive state. With no voltage applied, the axis of symmetry in each droplet will 
vary randomly due to variations of the droplet shape and defects in the droplet interface 
[7]. For intermediate fields, some droplets will align in the field while others will remain 
in their initial state due to the strength of the anchoring free energy. At high fields, all of 
the droplets will be aligned and the refractive index difference between the polymer 
binder and the liquid crystal droplets will be minimized. Therefore the intensity of the 
scattering in the PDLC can be continuously modulated with the application of an electric 
field of varying strength. 
The light scattering from a nematic liquid crystal droplet in an isotropic medium 
was first derived theoretically by Zumer and Doane [13]. Montgomery et al. theoretically 
explained the backscattering from PDLCs by using the Rayleigh-Gans approximation 
[14]. However, this work did not account for multiple scattering effects. The multiple 
scattering effects occurring in PDLCs have been theoretically examined through both 
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radiative transfer theory [15] and through Monte Carlo methods [16]. Monte Carlo 
simulations have become useful tools for modeling light propagation through complex 
media in which analytical methods are difficult. Monte Carlo methods typically function 
by tracking a large number of photons as they are reflected, scattered, and absorbed by 
the media [17]. These methods are used extensively in biological simulations to model 
light propagation through tissue [18]; however, existing methods are limited in that they 
do not account for the wave nature of light. Each photon is assumed to be an independent 
particle that travels through the media and does not interact with other photons.  
 
2.4 Bragg Gratings 
 The interaction of electromagnetic waves with periodic layers of dielectric 
materials produces interesting and useful results. Bragg gratings or Bragg reflectors, a 
class of periodic media characterized by a large number of dielectric layers, have many 
applications in optical systems. Light incident on Bragg grating results in a strong 
reflection band centered on the Bragg wavelength, λB, and high transmission across the 
remainder of the spectrum. An example of a Bragg grating structure is shown in Figure 9 
and an example light transmission curve is shown in Figure 10.  Bragg gratings have been 
used extensively in laser [19] and fiber technology [20] for many applications including 
wavelength narrowing, selection, and sensing. 
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Figure 9.The Bragg grating structure is a periodic structure of alternating layers of 
differing refractive index. The width of the repeating unit is defined as the grating pitch, 
Λ. When light is incident on the Bragg grating, the Bragg wavelength is strongly reflected 
while the other wavelengths are transmitted. 
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Figure 10. Typical transmission spectrum through a Bragg grating. The reflection notch is 
surrounded by the characteristic side lobes. 
 
 
 
 There main method for calculating the light transmission and reflection properties 
of a Bragg structure is coupled mode theory. The coupled mode theory is used to 
determine the strength of coupling between the incident light mode and other modes, 
including the reflection mode [21]. The coupling strength is determined by the 
perturbation of the refractive index along the path of the traveling light. 
Although the coupled mode theory is most effective for quantifying the 
transmitted and reflected light from complex, periodic structures, it does not model the 
electric field amplitude inside the grating itself. However, a matrix method [22] can be 
used in order to determine the electric field amplitudes in periodic layered media. If the 
forward and reflected electric field amplitudes in the nth layer are given by an and bn, as 
shown in Figure 11, then the electric field in any layer can be calculated using equation 
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(6), where the Bragg grating has layer indices n1 and n2, layer thicknesses of a and b, and 
where k1x = n1ω/c and k2x = n2ω/c, and ω is the frequency of the wave and c is the speed 
of light in vacuum. 
 
 
(6) 
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Figure 11. Bragg grating structure used to test the modified Monte Carlo method. The 
index of refraction, forward propagating wave amplitude, and backward propagating 
amplitude are labeled n, a, and b respectively. 
 
 
Bragg gratings are commonly used as reflectors in optical systems. The Bragg 
wavelength at normal incidence can be calculated using equation (7), where n  is the 
average refractive index of the materials and !  is the grating pitch. The peak reflectance 
at the Bragg wavelength for a grating suspended in air can be calculated using equation 
(8), where N is the number of layers in the grating. For gratings with a large number of 
periods, the reflectance can be approximated by equation (9). The bandwidth of the 
reflector, !" , is given by equation (10) [22]. 
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(8) 
 
  
(9) 
 
  
(10) 
 
 
 
2.5 Holographic Polymer Dispersed Liquid Crystals 
PDLCs are formed when the polymer/liquid crystal mixture is uniformly exposed 
to the initiating light. This results in a random dispersion of liquid crystal droplets in the 
polymer matrix. However, HPDLCs are formed when the polymer/liquid crystal mixture 
is exposed to a holographic interference pattern generated by interfering laser beams. 
This results in rapid polymerization in the bright regions of the interference pattern, while 
the liquid crystal diffuses into the dark regions. The resultant structure is a Bragg grating 
made of alternating polymer and liquid crystal droplet layers. Much like PDLCs, 
HPDLCs are generally designed such that the ordinary refractive index of the liquid 
crystal matches the refractive index of the polymer. Thus the HPDLC is essentially an 
electrically switchable Bragg grating. Figure 12 shows the transmission spectrum of a 
HPDLC in both the on and off state. 
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Figure 12. Transmission spectrum for a HPDLC sample in the on and off state. When no 
voltage is applied, the characteristic reflection notch is clearly visible. When the voltage 
is applied and the liquid crystal droplets align in the field, the reflection notch is no 
longer visible as the sample transmits the Bragg wavelength. 
 
 
2.6 Light Scattering 
 Light scattering occurs when light propagates through a medium with an 
inhomogeneous refractive index. Inhomogeneities causing light scattering can be 
anything from density fluctuations in fluids to particles imbedded in a medium. Figure 13 
shows an example of an incident plane wave scattering from a spherical particle.  
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Figure 13. An incident plane wave is scattered from a spherical particle. The scattered 
wave is a spherical wave centered on the particle, where the intensity of the scattered 
wave in a given direction is dependent on the parameters of the particle and incident 
wave. 
 
 
 
Light scattering is a large field and can be broken down into various categories. 
The first is independent versus dependent scattering. Independent scattering occurs when 
scattering objects are far enough apart such that scattered waves from neighboring 
particles do not significantly interact. Another subset of light scattering is single 
scattering versus multiple scattering. If the total amount of scattered light is proportional 
to the number of scattering objects, then the scattering media may be classified as single 
scattering. This is the case if the amount of scattered light incident on each scattering 
particle is insignificant. Multiple scattering encompasses structures in which light 
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scattered from a particle is then scattered again by a different particle. Figure 14 shows an 
example of multiple scattering from a system with two spherical particles. 
 
 
 
Figure 14. An example ofmultiple scattering from two spherical particles. An incident 
plane wave is scattered from the first particle. The scatter wave is then incident on the 
second particle where it is scattered again. 
 
 In general, calculating the intensity and direction of light scattered by an arbitrary 
particle is mathematically challenging. However, a number of approximations have been 
developed to allow for analytical calculations in a number of special cases. This thesis 
will focus on light scattering from small (when compared to the wavelength of incident 
light), optically soft, spheres. These conditions are met if equation (11) is true, where k is 
the magnitude of the incident wave vector, R is the radius of the droplet, nlc is the average 
index of the droplet (liquid crystal), and nm is the index of the surrounding medium 
(polymer). 
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(11) 
 
If these conditions are met, the light scattering may be calculated using the 
Rayleigh-Gans approximation (RGA) [23]. From Maxwell’s equations, the scattered field 
can be described exactly by equations (12) and (13), where k is the wave vector of the 
incoming light, k′  is the wave vector of the scattered light, !ˆ  is the dielectric tensor, and 
f(k,k′) is the scattering amplitude. 
 
 
(12) 
 
f(k, !k )= " 14# k$ !k $ %ˆ r( )"1&' ()•E(k,r){ }* exp("i !k •r)dV   
(13) 
 
In general, the internal electric field, E(k,r), is unknown, but the RGA 
approximates the internal electric field as the undisturbed incident plane wave, as in 
equation (14). 
 
 (14) 
 
Scattering calculations are often completed using a scattering matrix formulation, 
as shown in equations (15) and (16) [24]. 
 
2kR nlcnm −1 = 1
Es = f(k, ′k )exp(ikr)r
 E(k,r)=E0 exp(ik ir)
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(15) 
 
 
(16) 
  
The scattering efficiency factor, Qsca, can then be calculated using equation (17), 
where δ is the polar angle of scattering. 
 
 
(17) 
 
2.7 Monte Carlo Methods for Light Propagation 
In many fields it is important to understand how light propagates through complex 
media. In some cases, an analytical approach based on Maxwell’s equation can be used. 
However, in situations where light propagates through a medium in which scattering, 
absorption, and interfacial reflections are present, an analytical approach can become 
prohibitively complex. In such situations, a Monte Carlo model is often used to model the 
light propagation. Monte Carlo models have been especially useful in the field of 
biomedical optics where they are used to model light propagation through tissue.  
A brief description of the Monte Carlo method for light propagation will be given. 
In general, Monte Carlo methods rely on a stochastic model in which the “expected value 
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of a certain random variable (or of a combination of several variable) is equivalent to the 
value of a physical quantity to be determined. This expected value is then estimated by 
the average of several independent samples representing the random variable introduced 
above” [25].  Light transport is modeled by accounting for interfacial reflections, 
scattering and absorption [26]. First, a photon is launched and moves along a straight 
trajectory with a predetermined step size until an interaction takes place. If the photon 
reaches an interface, it will reflect based on a probability determined from the Fresnel 
reflection coefficient for the s and p polarizations, given by equations (18) and (19), 
where !i  and !t  are the angles between the light ray and the interface in the incident 
region and transmitted region respectively [27]. 
 
 
(18) 
 
 
(19) 
 
If the photon is traveling through an absorptive medium, the probability that the 
photon is absorbed is give by equation (22), where Pa is given by equation (25), where ρa 
is the volume density of absorbing objects, σa is the absorption cross-section of each 
absorbing object, and L is the photon’s path length through the absorbing medium. 
 
 (20) 
Rs =
n1 cosθi − n2 cosθt
n1 cosθi + n2 cosθt
2
Rp =
n1 cosθt − n2 cosθi
n1 cosθt + n2 cosθi
2
σ a =QaA
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 (21) 
 (22) 
  
Similarly, the probability that a photon is scattered, Ps is given by equation (25), 
where ρs is the volume density of scattering objects (liquid crystal droplets in this case), 
σs is the scattering cross-section of each scattering object, and L is the photon’s path 
length through the scattering medium. 
 
 (23) 
 (24) 
 (25) 
 
If a photon is scattered, the new trajectory is determined by sampling from a 
scattering phase function. To determine the new deflection angle, the Henyey-Greenstein 
phase function [28], eqaution (26), is commonly used [29]. The Henye-Greenstein 
function may be modified by varying the forward scattering factor, g. The azimuthal 
angle is uniformly distributed over the interval 0 to 2π. 
 
 
(26) 
  
µa = ρaσ a
Pa = 1− exp(−µaL)
σ s =QsA
µs = ρsσ s
Ps = 1− exp(−µsL)
p(cosθ )= 1− g
2
2(1+ g2 − 2gcosθ )3/2
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Figure 15. Probability distribution of the Henyey-Greenstein function for different 
forward scattering factors, g. As g increases, photons are more likely to be scattered into 
a smaller angle. Reprinted figure with permission from V. Turzhitsky, A. Radosevich, J. 
D. Rogers, A. Taflove, and V. Backman, "A predictive model of backscattering at 
subdiffusion length scales," Biomedical optics express, vol. 1, pp. 1034-1046, 2010. 
Copyright 2010 Optical Society of America [30]. 
 
 
 
 Complicated systems with multiple interfaces and scattering particles can be 
difficult to solve analytically. In many of these cases analytically calculating the electric 
field over all space requires a prohibitively large number of calculations. However, 
Monte Carlo models can greatly simplify this problem by limiting the number and size of 
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necessary calculations. Figure 16 shows one example of how multiple scattering, where 
the electric field calculations are difficult, but can be modeled easily by a Monte Carlo 
method. 
 
 
Figure 16. A multiple scattering scenario modeled analytically on the left and with a 
Monte Carlo method on the right. Whereas analytical calculations involve solving 
Maxwell’s equations over a large area with complicated geometries, the Monte Carlo 
method can easily model this type of scattering. 
 
 
 
In the Monte Carlo model, a large number of photons are launched into the 
medium and their trajectories are simulated until they are absorbed or exit the medium. 
An example of one photon path is shown in Figure 17. By counting the number of 
photons, physical results such as reflection, transmission, penetration depth, and other 
optical properties may be calculated. 
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Figure 17. Diagram showing the path of a photon through complex media as calculated 
by a Monte Carlo method. 
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CHAPTER 3.  Review of State of the Art 
3.1 Light Scattering from a Liquid Crystal Droplet 
In order to understand light scattering in HPDLCs, the light scattering form a 
single liquid crystal droplet must be understood. While it is possible to analytically 
describe the scattering from an isotropic sphere [23], the anisotropy of the liquid crystals 
creates complications that cannot be exactly calculated analytically. The Rayleigh-Gans 
approximation was used by Zumer and Doane [13] in order to overcome these 
difficulties. Zumer and Doane performed a rigorous analysis of scattering from liquid 
crystal droplets for various molecular configurations. The total scattering cross section 
for various configurations and incident polarization are shown in Figure 18. There are 
several important points that can be observed from the figure. First, the dependence of the 
scattering cross section on the size of the droplet and wavelength is similar for all of the 
droplet configurations and polarizations. As shown, the scattering cross section increases 
with increasing droplet size and decreasing wavelength. Additionally, for the bipolar and 
aligned droplet configuration, the scattering cross section is greatest for polarizations in 
line with the director direction of the droplet configuration. As seen in the figure, the 
scattering cross section for configurations that are aligned with the incident polarization, 
a and b, are approximately two orders of magnitude greater than that of the isotropic 
droplet. 
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Figure 18. Total scattering cross sections calculated by the Rayleigh-Gans approximation 
for various droplet configurations and incident polarizations [13]. Cases in which the 
incident polarization is aligned with the director for the bipolar and aligned droplet have 
the highest total cross section. Reprinted figure with permission from S. Žumer and J. 
Doane, "Light scattering from a small nematic droplet," Physical Review A, vol. 34, p. 
3373, 1986. Copyright 1986 by the American Physical Society. 
 
 
While Zumer and Doane attempted to used the Rayleigh-Gans approach as an 
analytical approximation to quantify the light scattering from a liquid crystal droplet, 
other have used the discrete dipole approximation (DDA), a numerical approach. The 
details of the approach will be given in chapter 6, but a brief overview will be described 
here. The discrete dipole approximation was first introduced by DeVoe [31, 32] in 1964 
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to describe the optical properties of molecular aggregates. Purcell and Pennypacker 
expanded on DeVoe’s method and applied it to interstellar dust grains [33]. The modern 
application of the DDA was popularized by Drain and Flatau [34] in 1994. As they write, 
“simply stated, the DDA is an approximation of the continuum target by a finite array of 
polarizable points. The points acquire dipole moments in response to the local electric 
field. The dipoles of course interact with one another via their electric fields, so the DDA 
is also sometimes referred to as the coupled dipole approximation.” The DDA has proven 
to be a valuable resource in calculating scattering and absorption from arbitrary targets 
that are optically soft ( ), where m is the ratio of the scattering object’s refractive 
index to that of the surrounding medium. Figure 19 compares the results from the DDA 
to the exact Mie theory for a small droplet with m=1.33+0.01i. As shown in the figure, as 
the number of dipoles used to model the target increases, the error decreases. 
 
 
m ! 2
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Figure 19. Plots showing the scattering and absorption from a sphere with m=1.33+0.01i. 
The top plot shows the exact values calculated using Mie theory. The bottom two plots 
show the error in scattering and absorption for different number of simulated dipoles. As 
shown, the number of dipoles increases, the error decreases [34]. Reprinted figure with 
permission from B. T. Draine and P. J. Flatau, "Discrete-dipole approximation for 
scattering calculations," JOSA A, vol. 11, pp. 1491-1499, 1994. Copyright 1994 by the 
Optical Society of America. 
 
 
 
The DDA was used by Loiko and Molochko to calculate the scattering efficiency 
of liquid crystal droplets in the bipolar and radial configurations [24]. The method 
involved rotating the polarizability of the individual dipoles to match that of the liquid 
crystal molecular orientation at the given location in the droplet. The method will be 
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described in detail in chapter 6. However, the method used by Loiko and Molochko 
calculated the scattering efficiency over a range of size parameters , without 
taking into account the dispersion relation of the liquid crystal and the surrounding 
medium. Figure 20 shows the error of scattering efficiency calculated by the Rayleigh-
Gans approximation, the anomalous diffraction approximation, and the DDA with two 
different lattice sizes, with the exact Mie theory for a homogenous sphere. Figure 21 
shows the calculated scattering efficiency for a liquid crystal droplet with a radial 
configuration over a range of size parameters. The size parameters for visible light 
interacting with droplets in HPDLCs are typically less than one. Notice the large 
difference in scattering efficiency between the DDA and the RGA and ADA in the small 
size parameter region. 
 
x ! 2"R / #
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Figure 20. The error in scattering efficiency when calculated by DDA, ADA, and RGA 
for a homogenous sphere with relative refractive index m=1.11. The DDA has the least 
error over the greatest range of size parameters. Reprinted figure with permission from V. 
Loiko and V. Molochko, "Polymer dispersed liquid crystal droplets: Methods of 
calculation of optical characteristics," Liquid crystals, vol. 25, pp. 603-612, 1998. 
Copyright 1998 by Taylor & Francis [24]. 
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Figure 21. The scattering efficiency for a liquid crystal droplet with the radial 
configuration as cacluated by the DDA for a number of refractive indices. The error of 
the RGA and DDA are shown in the upper panel. . Reprinted figure with permission from 
V. Loiko and V. Molochko, "Polymer dispersed liquid crystal droplets: Methods of 
calculation of optical characteristics," Liquid crystals, vol. 25, pp. 603-612, 1998. 
Copyright 1998 by Taylor & Francis [24]. 
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3.2 Light Scattering in Polymer Dispersed Liquid Crystals 
Having described scattering from a single liquid crystal droplet, the next step in 
understanding scattering in HPDLCs is to understand scattering in PDLCs. PDLCs have 
been used for many applications including displays [35], privacy windows [36], and 
spatial light modulation [37]. Montgomery et al. studied light scattering in PDLCs as a 
function of droplet size with the purpose of maximizing the intensity of the backscattered 
light for solar window applications [14]. The authors took a theoretical and experimental 
approach to quantifying the light scattering in PDLCs. They used Zumer and Doane’s 
Rayleigh-Gans approach to theoretically model the light scattering in the PDLC. 
However, the calculations made ignored the anisotropy of the droplet and instead 
assumed the wavelength and droplet size dependence of the scattering was equivalent to 
that of an isotropic droplet. The theoretically calculated total scattered power for incident 
light at 632.8 nm is shown in Figure 22. As seen in the figure, as the volume fraction of 
liquid crystals increases, the total scattered power increases. Figure 23shows the angular 
distribution of scattered light through a PDLC sample. Light incident on PDLC is mostly 
scattered in the forward direction and the scattered intensity falls off rapidly as the 
scattering angle increases 
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Figure 22. Theoretical predictions of the fractional scattered power as a function of 
droplet size for various volume fractions of liquid crystals in a PDLC sample. Scattering 
correlation effects were included in the calculations [14]. Reprinted figure with 
permission from G. P. Montgomery, J. L. West, and W. Tamura‐Lis, "Light scattering 
from polymer‐dispersed liquid crystal films: Droplet size effects," Journal of applied 
physics, vol. 69, pp. 1605-1612, 1991. Copyright 1991, AIP Publishing LLC. 
 
 
 41 
 
Figure 23. Measured angular dependence of scattered light from PDLC samples with two 
different droplet sizes. Most of the light is scattered in the forward direction with the 
intensity of scattered light falling off rapidly as the angle increases [14]. Reprinted figure 
with permission from G. P. Montgomery, J. L. West, and W. Tamura‐Lis, "Light 
scattering from polymer‐dispersed liquid crystal films: Droplet size effects," Journal of 
applied physics, vol. 69, pp. 1605-1612, 1991. Copyright 1991, AIP Publishing LLC. 
 
 
 
 
Although the work of Montgomery et al. showed that the amount of backscattered 
light could be theoretically predicted, they were unable to create a model to theoretically 
describe the angular distribution of scattered light in PDLCs. A number of theories have 
since been developed to model multiple scattering in PDLCs [15, 38], but most relevant 
to the model developed in this thesis is the work of Neijzen et al [16]. This work utilized 
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a Monte Carlo model to model the light propagation, including multiple scattering, 
through a PDLC. The model begins by initiating photons into the PDLC and calculating 
the probability a photon interacts with a liquid crystal droplet after traveling a set 
distance. If the photon interacts with a liquid crystal it is scattered with certain probability 
in a direction chosen from a scattering phase function probability distribution. The 
authors used two different phase functions to choose the angle of scattering, a Lorenztian 
and a Mie phase function. The results of the Monte Carlo model were compared with 
experimental measurements, as shown in Figure 24.  
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Figure 24. Angular distribution of scattered light as a function of scattering angle for 
several PDLC film thicknesses. The results of the Monte Carlo method (solid line), is 
compared to measured values (symbols). The Monte Carlo model including multiple 
scattering accurately predicts the angular distribution of scattered light [16]. Reprinted 
figure with permission from J. H. M. Neijzen, H. M. J. Boots, F. A. M. A. Paulissen, M. 
B. Van Der Mark, and H. J. Cornelissen, "Multiple scattering of light from polymer 
dispersed liquid crystal material," Liquid Crystals, vol. 22, pp. 255-264, 1997. Copyright 
1997 by Taylor & Francis. 
 
 
 
 
3.3 Light Propagation in Holographic Polymer Dispersed Liquid Crystals 
While there have been many studies on light scattering in PDLCs, investigations 
into light scattering in HPDLCs have been rare. This is a result of two factors, the first 
being in PDLCs scattering is the main mode of operation and a desired effect but in 
HPDLCs scattering is a source of losses. Secondly, light propagation in PDLCs is only 
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perturbed by the liquid crystal droplets, but in HPDLCs the grating structure introduces 
added complexity in which the interference effects of the electromagnetic wave play a 
large role. The seminal work on light propagation in HPDLCs was published by 
Sutherland et al. in 2006 [4] with little contributions to the field since that time. The 
authors’ work described the light transmission through the HPDLC in detail but failed to 
provide an explanation of the trajectory of the scattered light.  
The analysis began with calculating the refractive index in each of the structural 
zones of the HPDLC, the polymer rich region, the region surrounding the liquid crystal 
droplets, and finally the liquid crystal droplets themselves. Equations for each of these 
refractive indices are given in equations (27) – (31) with the variable defined as in Table 
1.  The equations coupled with the dispersion relation of the materials, given by (32), and 
transmission electron microscopy (TEM) analysis of the resultant gratings allowed the 
authors to estimate the refractive index of each region as well as layer thicknesses and 
liquid crystal droplet sizes. These parameters were then inserted into a matrix-based light 
propagation model that resulted in a prediction of the light transmittance through the 
HPDLC. This model, the characteristic matrix method, was based on earlier work by 
Carniglia [39]. The characteristic matrix method accounts for scattering losses by 
introducing perturbation in the layer thicknesses and the refractive index of the layers, as 
shown in Figure 26. The results of this work are shown in Figure 27. 
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Table 1. Parameters used to model light propagation in HPDLCs 
Total LC Volume Fraction in Mixture f0 
LC Volume Fraction in Solution – High 
Index Layer 
fHs 
LC Volume Fraction in Solution – Low 
Index Layer 
fLs 
Volume Fraction of Droplets – High 
Index Layer 
fd 
Ratio of High Index Layer Width to 
Grating Pitch 
  
Liquid Crystal Intrinsic Refractive Index ni 
High Index Layer Refractive Index nH 
Low Index Layer Refractive Index nL 
High Index Droplet Refractive Index nd 
High Index Matrix Refractive Index nm 
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  (28)
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  (30) 
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The dispersion relation of a dielectric material can be found by assuming the 
material is composed of a large number of oscillators with resonant frequencies that 
match that of the absorbance peaks of the material. In reality, the resonance phenomena 
are complex so a dispersion formula that approximates the true dispersion relation of the 
material is used [40]. The Cauchy dispersion formula, equation (32) is commonly used to 
compute the refractive index of a material over a range of wavelengths. 
 
 
 
 
 
  
(32) 
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Figure 25. The formation of liquid crystal droplet monolayers in an HPDLC grating. The 
liquid crystal diffuses into the dark regions during exposure leading to a higher 
proportion of liquid crystal in the dark region than the initial homogeneous solution. 
However, some liquid crystal does not coalesce into droplets and remains in solution, in 
both the high and low refractive index region [4]. Reprinted figure with permission from 
R. Sutherland, V. Tondiglia, L. Natarajan, P. Lloyd, and T. Bunning, "Coherent 
diffraction and random scattering in thiol-ene–based holographic polymer-dispersed 
liquid crystal reflection gratings," Journal of applied physics, vol. 99, pp. 123104-
123104-12, 2006. Copyright 2006, AIP Publishing LLC.  
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Figure 26. Scattering losses are introduced into the light propagation calculations through 
perturbation in the layer thicknesses (surface roughness) and refractive index 
inhomogeneities in each layer [4]. Reprinted figure with permission from R. Sutherland, 
V. Tondiglia, L. Natarajan, P. Lloyd, and T. Bunning, "Coherent diffraction and random 
scattering in thiol-ene–based holographic polymer-dispersed liquid crystal reflection 
gratings," Journal of applied physics, vol. 99, pp. 123104-123104-12, 2006. Copyright 
2006, AIP Publishing LLC. 
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Figure 27. Transmission curves for light incident on three HPDLC samples. The theory 
matches relatively well with the experimental curves with the largest error occurring in 
the blue end of the spectrum and near the Bragg wavelength [4]. Reprinted figure with 
permission from R. Sutherland, V. Tondiglia, L. Natarajan, P. Lloyd, and T. Bunning, 
"Coherent diffraction and random scattering in thiol-ene–based holographic polymer-
dispersed liquid crystal reflection gratings," Journal of applied physics, vol. 99, pp. 
123104-123104-12, 2006. Copyright 2006, AIP Publishing LLC. 
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3.4 Gaps in the Current State of the Art 
 
Early theoretical models used the coupled-wave theory to calculate reflection 
efficiency of HPDLC reflection gratings [41, 42]. However, the effects of scattering were 
ignored or greatly simplified.  Sutherland et al. provided the most complete description of 
light propagation in HPDLCs using a characteristic matrix method [4]. This method first 
calculated the effective indices of the polymer and liquid crystal layer and accounted for 
scattering by including losses from interfacial surface roughness due to variations in 
droplet size and variations in the liquid crystal droplet center from the layer centerline. 
Although this characteristic matrix model closely matched the experimental light 
transmission curves, there are several important factors that leave room for improvement: 
a greater mismatch between theory and experiment in the blue end of the spectrum, the 
presence of artifacts which effected the theoretical predictions near the reflection peak, 
and most importantly, the model did not account for multiple scattering or describe the 
angular distribution of scattered light. For HPDLCs to be useful in practical applications, 
especially displays and imaging system, the magnitude and direction of scattered light 
should be known. In this paper we describe a model based on a Monte Carlo method that 
accurately predicts the transmission, reflection, and scattering of light incident on an 
HPDLC. Monte Carlo methods have been used to model multiple scattering in polymer 
dispersed liquid crystals (PDLCs) [15], but the grating structure in HPDLCs introduces 
complex difficulties. The method presented here begins similarly to previous methods by 
starting with an ideal grating and subsequently introducing scattering. The ideal grating is 
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modeled by calculating the effective index of each layer and using a 2x2 matrix method 
[22] to determine the electric field amplitude in each layer. Reflection probabilities are 
then calculated based on the method described in chapter 5. Scattering is treated using a 
discrete dipole approximation (DDA), which has been used previously to calculate 
scattering efficiencies in liquid crystal droplets [24]. 
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CHAPTER 4.  Overview of Methodology 
The methodology used to understand the light scattering in HPDLCs consists of 
both a theoretical and experimental approach. This chapter will give an overview of these 
methods. 
4.1 Theoretical – Ideal Grating 
The theoretical approach is based in a Monte Carlo method for modeling light 
propagation. The HPDLC will be modeled as an ideal Bragg grating with scattering 
perturbations introduced through the liquid crystal droplets. The ideal grating is therefore 
modeled as a repeating, periodic structure of alternating layers with differing refractive 
index. Reflection probabilities must be calculated for each interface in order for the 
Monte Carlo model to appropriately model the light propagation. Calculating these 
reflection probabilities for interfering structures is not trivial; a full description of the 
method and proof of validity is given in chapter 5. Once the reflection probabilities have 
been calculated, photon reflection and propagation can be modeled, as shown in Figure 
28. A large number of photons are launched into the grating and a random number 
generator is used as is typical in Monte Carlo methods to determine whether each 
individual photon reflects or transmits through a given interface. This process is 
continued until the photon exits the grating. 
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Figure 28. A photon incident on an ideal Bragg grating can reflect or transmit through 
each interface in the grating. A Monte Carlo model is used to track the path of a large 
number of photons through the grating. 
 
 
 
4.2 Scattering Perturbation 
 
The ideal Bragg grating may be modeled with just reflections and transmission, 
but to accurately model the light propagation in the HPDLC, scattering must be 
accounted for. For this model, scattering is assumed to occur only in the high index liquid 
crystal layers, and only by liquid crystal droplets. Calculating the probability of scattering 
by the liquid crystal droplets, as well as the new direction of the scattered photon, is 
described in detail in chapter 6. Once these probabilities have been calculated, in addition 
with the reflection probabilities, the Monte Carlo model can be used to determine the 
trajectory of photons entering the HPDLC, as shown in Figure 29. This allows the model 
to describe the reflectance, transmission, and angular distribution of scattered light. 
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Figure 29. A photon incident on a Bragg grating with liquid crystal droplets. The photon 
can be reflected or transmitted at each interface, and can be scattered at each liquid 
crystal layer. The Monte Carlo model uses calculated probabilities to determine the path 
of the photon through the grating. 
 
 
4.3 Assumptions and Limitations 
There are a number of assumptions and limitations made in the use of the Monte 
Carlo model to simulate light propagation in the HPDLC. The first assumption is that the 
grating is truly periodic in that the layer thicknesses and refractive indices are repeated 
throughout the grating. Previous studies have shown there to be a non-zero variation in 
these variables [4], but these differences have a small effect on the light propagation. 
Additionally, scattering is assumed to result only from individual liquid crystal droplets. 
There are correlation effects from nearby droplets [43], and scattering from liquid crystal 
in solution, but these factors have a small impact on the total scattering in the system.  
Further assumptions are made regarding the treatment of the scattered photons. First it is 
assumed that the scattered photons do not interact with the grating structure and travel 
 55 
unperturbed through the interfaces. This assumption is made due to the fact that 
generally, light of wavelength different than the Bragg wavelength, incident on a Bragg 
grating is transmitted without reflection. Second, it is assumed that the scattered photons 
do not scatter again once they have been scattered once. These assumptions are presented 
visually in Figure 30. 
 
  
 
Figure 30. A possible path of a photon calculated by the Monte Carlo method assuming 
scattering photons do not interact with the grating and photons are scattered by single 
liquid crystal droplets. 
 
 
Thus it is assumed that the scattering can be described by exclusively single 
scattering events and not multiple scattering events. Additionally, it is assumed that 
absorption does not effect the light propagation through the HPDLC. The polymer is 
generally assumed to be non-absorbent in the visible spectrum and the liquid crystals 
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have an absorption cross section three orders of magnitude less than the scattering cross 
section [44]. The validity of these assumptions will be discussed further in chapter 7. 
 
4.4 Experimental Method 
The HPDLC samples were fabricated following the procedure given by 
Sutherland et al. [4] The mixture consisted of pre polymer NOA 65 (63%), liquid crystal 
E7 (35%), and initiator Irgacure 4265 (2%). The mixture was then stirred and degassed 
using an ultrasonicator. Two glass slides were prepared by cleaning with a methanol 
solvent before 15 µm glass spacers were applied. The mixture was then applied to one 
glass slide before being covered by the second slide. Pressure was then applied with a 
balloon press to ensure a uniform cell gap. The sample was then exposed to an 
interference pattern from a 364 nm argon ion laser with an output power of 250 mW for 
one minute. The holographic setup used is shown in Figure 31. 
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Figure 31. Holographic setup used to create the interference pattern that results in a 
Bragg grating structure. The interference pattern is the result of interference between the 
incident laser beam and the beam, which is reflected by total internal reflection at the 
glass/air interface. The pitch of the grating can be controlled by the angle of incidence 
between the curing laser beam and the prism.  
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The transmission spectra of the samples was obtained using an Ocean Optics fiber 
spectrometer with the transmission through a bare glass slide as a reference to account for 
reflections from the air/glass interfaces. The angular intensity distribution of the scattered 
light from a 532 nm laser source was measured using a photodiode on a rotating arm, as 
shown in Figure 32. 
 
 
  
Figure 32. Measurement setup used to determine the angular intensity distribution of light 
scattered from the HPDLC. 
 
 
 
The films were then prepared for SEM imaging by first freeze fracturing the 
sample followed by a methanol rinse to remove the liquid crystals. The films were then 
sputter coated with platinum before being imaged. 
 59 
CHAPTER 5.  Adapted Monte Carlo Method for Light Propagation in Interfering 
Structures 
Monte Carlo simulations have become useful tools for modeling light propagation 
through complex media in which analytical methods are difficult. Monte Carlo methods 
typically function by tracking a large number of photons as they are reflected, scattered, 
and absorbed by the media [17]. These methods are used extensively in biological 
simulations to model light propagation through tissue [18]; however, existing methods 
are limited in that they do not account for the wave nature of light. Each photon is 
assumed to be an independent particle that travels through the media and does not interact 
with other photons. In such cases that there are no interference effects arising from the 
structure, this method generates accurate results. But in structures whose feature sizes are 
on the order of the incident light wavelength, the wave nature of light needs to be 
accounted for in order to ensure accurate results. 
One such structure that cannot be accurately modeled with traditional Monte 
Carlo methods is the Bragg reflection grating, a periodic structure of thin layers that leads 
to strong interference effects. Light propagation through ideal Bragg gratings can be 
solved relatively easily with analytic methods, but in cases in which scattering or 
absorption play a large role, analytic methods are difficult and rely on significant 
assumptions [45]. Coupled mode theory [21] is the most common approach for 
calculating the transmission and reflection in Bragg grating structures. Gratings with 
strong scattering or absorption losses are typically modeled by assuming the losses are 
constant over the length of the grating [46, 47]. This assumption does not produce 
 60 
accurate results in gratings in which lossy objects are not uniformly distributed 
throughout the grating. However, a Monte Carlo model can account for the spatial 
distribution of the lossy objects in the Bragg grating. In such structures where there are 
strong interference effects, the standard Fresnel coefficients used in Monte Carlo 
simulation must be adapted. A technique for calculating proper reflection probabilities is 
described here and tested using the Bragg reflection grating. The reflected light incident 
on the grating is simulated over a range of wavelengths and the total error is calculated. 
The light transmission and reflection through a Bragg grating with scattering and 
absorptive elements is also modeled. 
 
5.1 Reflection Probabilities 
In conventional Monte Carlo methods for simulating light propagation, interfacial 
reflection probabilities are calculated using the Fresnel coefficients [17, 48]. For light at 
normal incidence, the reflection probability, R, at an interface is given by equation (33), 
 
 (33) 
 
However, in cases where the photon is interacting with an interfering medium, the 
Fresnel coefficients do not provide accurate reflection probabilities. The wave nature of 
light dictates that the reflection probabilities for these cases are wavelength dependent, 
yet the Fresnel coefficients are independent of wavelength. In order to determine 
accurate, wavelength-dependent reflection coefficients, the first step is to calculate the 
R = (n1 − n2 )2 / (n1 + n2 )2
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amplitudes of the forward and backward traveling electric field in each layer. These 
amplitudes can be calculated using a 2x2 matrix propagation technique assuming an 
incident wave with normalized intensity for each wavelength [22, 49]. A 2-element 
vector represents the electric field amplitude in the forward and backward direction. A 
2x2 propagation matrix is then generated for each layer. After inputting initial conditions, 
the propagation matrix is used to determine the electric field amplitudes, an for the 
forward traveling wave and bn for the backward traveling wave, in the nth layer using 
equation (6). 
The amplitudes in each layer depend on the wavelength of incident light, and the 
refractive indices and width of each layer. Figure 11 shows the Bragg grating structure 
and wave amplitudes in each layer. In order to calculate reflection probabilities at each 
interface, the number of photons traveling in each direction in each layer must be known. 
The number of photons traveling in each direction in each layer is directly proportional to 
the square of the electric field amplitude in each layer [50]. Nfn represents the number of 
forward traveling photons in the nth layer and Nbn for the backward traveling photons in 
the nth layer. There are two distinct reflection probabilities for each interface, one for 
forward traveling photons, Rfn and one for backward traveling photons Rbn. An 
expression relating Rfn and Rbn can be derived assuming a conservation of photons, given 
by equation (34). 
 
 (34) 
 
Nfn (1− Rfn )+ Nbn+1(Rbn ) = Nfn+1
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However, this continuity equation does not provide unique reflection 
probabilities, only a linear relationship between the forward and backward probability for 
each interface. Two methods of determining the reflection probabilities were tested. For 
the first, Rbn is chosen to be a random number between 0 and 1 and Rfn is then calculated 
from the chosen Rbn. If the calculated Rfn is not between 0 and 1, Rbn is reset to a new 
random number until Rfn is between 0 and 1. This process is repeated to set the reflection 
probabilities for each layer and each wavelength to be simulated. In the second method, 
the upper and lower limit for Rfn and Rbn are calculated and the average is selected for 
use in the simulation. By generating the reflection coefficients based on the electric field 
amplitudes calculated using the wave theory, the interference effects are taken into 
account. These reflection coefficients replace the Fresnel coefficients in standard Monte 
Carlo propagation methods. A flow chart showing the Monte Carlo procedure with 
adapted reflection coefficients is depicted in Figure 33.  
 
 
 
 
 
Figure 33. Flow chart showing procedure for running the Monte Carlo simulation. 
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For clarity, a simple example will be presented to demonstrate the technique for 
calculating reflection probabilities. Let us assume there light with wavelength 400nm is 
normally incident on a 100nm thin film with refractive index n=3 suspended in air. The 
electric field traveling in each direction in each layer can be found in a number of ways, 
including using Airy’s formulas [22]. Once the electric fields have been calculated, the 
number of photons traveling in each direction in each layer can easily be found. After 
normalizing the incident intensity to 100 photons, this result is shown in Figure 34. 
Examining the first interface and substituting into (34), the linear relationship between 
the forward and backward reflection probability can be expressed as Rb1 = 8.33Rf1 – 
4.33. From this equation, exact reflection probabilities cannot be determined, but a range 
of allowed probabilities can be calculated. Allowed values of Rf1 are in the range of 0.52 
and 0.64. These limiting values correspond with values of Rb1 of 0 and 1 respectively. 
Any reflection probabilities chosen in allowed range will be consistent with the number 
of photons determined from the electric field calculations. A single, unique reflection 
probability cannot be determined because a range of probabilities will solve the 
conservation of photons equation. The reflection probabilities at the second interface are 
not influenced by the interference of the electric field so an exact probability, which is 
equivalent to the Fresnel reflection coefficient, can be found. Varying the angle of 
incidence will change the number of photons in each layer, but the method for calculating 
reflection probabilities remains the same. In the case of a non-zero angle of incidence, the 
forward traveling direction is in the same direction as the incident light, although the 
angle of propagation will be scaled in each layer appropriately by Snell’s law. 
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Figure 34. The number of photons traveling in each direction in a 100nm thick film 
suspended in air for light incident with a wavelength of 400nm. The number of incident 
photons is normalized to 100. 
 
 
 
 
5.2 Ideal Bragg Grating Simulations 
The example grating chosen to test the adapted Monte Carlo model was a 
standard periodic Bragg grating with refractive indices of 1.5 and 1.7. The grating pitch 
and angle of incidence was varied for different simulations, but in all cases the high and 
low index region had equal width. The model was tested for incoming light of normal 
incidence with wavelengths spanning 400nm to 700nm in steps of 1nm. All simulations 
were performed assuming the incoming light was normally incident and TE polarized for 
simplicity. For these verification simulations, scattering and absorption were ignored to 
compare the model to analytic results. The error was calculated by summing the square of 
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the percent difference between the Monte Carlo simulated results and the analytical 
results for all wavelengths. If RMC is the normalized reflectance given by the Monte Carlo 
Method and RA is the normalized reflectance calculated analytically the total error can be 
calculated by equation (35).  
 
 (35) 
  
A Bragg grating with scattering and absorptive elements was simulated in 
addition to the ideal gratings. For this simulation a forty-layer grating with a grating pitch 
of 150nm and refractive indices of 1.5 and 1.7 was simulated over the same wavelength 
range as described above. A wavelength independent absorption is modeled by including 
a 0.001 absorption probability in each layer. Scattering is modeled by a Rayleigh type 
scattering probability of 3e-15/λ2 in each high index layer. 
The reflection coefficients were calculated using equation (34) for a Bragg grating 
made up of 40 layers with indices of 1.5 and 1.7, and a grating pitch of 150nm. The 
averaging method shows smooth transitions between layers and wavelengths, whereas the 
random method is understandably much more random. However, both methods result in 
high reflection probabilities for the forward moving photons near the Bragg wavelength 
of 480nm and low reflection probabilities at other wavelengths, as seen in Figure 35. 
Error = (RMC − RA )2
λ
∑
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Figure 35. Reflection probabilities calculated for a 40 layer Bragg grating with a pitch of 
150nm. The top two plots show the forward and backward reflection probabilities 
calculated using the average method; the bottom two plots used the random method. 
 
 
 
Example plots showing the reflected normalized intensity of light incident on a 
20-period Bragg grating with a grating pitch of 150nm are shown in Fig 5. The green line 
represents the analytical solution generated by the matrix method and the blue squares 
show the results of the Monte Carlo simulation. There are two sources of error in the 
simultation: the fundamental resolution of the Monte Carlo simulation and variances due 
to the probabalistic nature of the model. For example, a Monte Carlo simulation with 
only 10 incident photons is only capable of resolving 10% differences in reflected 
intensity. Whereas a simulation with 100 photons is capable or resolving 1% differences 
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in reflected intensities, as can be seen in Figure 36, significant error is still present due to 
statistical variances in reflections at each layer. 
 
 
Figure 36. Plot showing the results of Monte Carlo simulation with varying number of 
incident photons using the reflection coefficients generated by the averaging method. In 
all cases the grating pitch was 150nm and the grating is made up of 20 periods. As the 
number of incident photons increases, the decrease in error can clearly be seen. 
 
 
The plots of the total squared error versus the number of photons is shown for the 
reflection probabilites chosen randomly and by average in Figure 37. The data points 
shown on the graph represent the average of five trials. The reflection probabilities were 
rechosen for each trial using the randomly chosen reflection probabilities. Both methods 
of choosing reflection probabilites show exponential convergence to the analytic results, 
as shown in Figure 37, and there is no significant difference in the error between either 
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method. 
 
 
 
Figure 37. A log-log plot showing the total squared error for simulations with a varying 
number of incident photons per wavelength. 
 
 
 
Figure 38, Figure 39, and Figure 40 demonstrate the precision of the Monte Carlo 
method over a various number of grating periods, grating pitches, and angles of 
incidence. 
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Figure 38. Plots showing normalized reflected intensity for light incident on Bragg 
gratings with varying number of periods. All gratings had a pitch of 150nm, probabilities 
were chosen using the averaging method, and 1000 photons were simulated for each 
wavelength. 
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Figure 39. Plots showing normalized reflected intensity for light incident on Bragg 
gratings with varying grating pitch. All simulations were run with 1000 photons, 
probabilities were chosen using the average method, and the grating was made up of 20 
periods. 
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Figure 40. Plots showing normalized reflected intensity for light incident on Bragg 
gratings with varying angle of incidence. All gratings were made of 20 periods, had a 
pitch of 180nm, probabilities were chosen using the random method, and 1000 photons 
were simulated for each wavelength. 
 
 
 
The results of the Monte Carlo simulation for the Bragg grating including 
scattering and absorption are shown in Figure 41. Agreeing with previous results [45], the 
scattering and absorption have a large effect on the baseline transmission, but only a 
small effect on the reflection peak. However, modeling the grating with coupled mode 
theory does not provide information on where the light is scattered or absorbed in the 
grating and where the scattered light continues to propagate. The adapted Monte Carlo 
model used here can account for spatial non-uniformities of scattering and absorbing 
objects, and also has the potential to track the path of scattered photons.  
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Figure 41. Plots showing transmitted, reflected, absorbed, and scattered intensities for a 
Bragg grating with Rayleigh type scattering and wavelength independent absorption. The 
scattering objects are only present in the high index layers. 
 
 
 
The results show that the adapted Monte Carlo method is capable of correctly 
simulating light propagation through interfering medium. The calculated reflection 
probabilities can be used at each interface in a larger modeling process to accurately 
account for the interference effects caused by the structure. It is important to note that this 
method does not model the true path of each photon due to the non-uniqueness of the 
reflection probabilities. However, the model does provide a set of allowed paths for each 
photon, which is enough to provide accurate transmission and reflection intensities. 
Although the results shown here are for light incident on a Bragg reflection grating at 
normal incidence, the method can be modified to account for other structures and angles 
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of incidence. 
In summary, a Monte Carlo method for simulating light transmission through an 
interfering medium has been presented. This method allows the Monte Carlo method to 
be used in cases where the light trajectory is partially or wholly influenced by the wave 
nature of light, and was used to accurately simulate the reflected light from a number of 
Bragg reflection gratings.  
The key to adapting the Monte Carlo method is to modify the reflection 
coefficients used in modeling the light transport. Instead of using the conventional 
Fresnel coefficients, reflection coefficients are chosen based on calculation of the electric 
field wave intensity of each wavelength in each distinct layer of the structure using a 2x2 
matrix method. Two methods, a random and an averaging approach, were used to select 
the reflection probabilities because the continuity equation generated from the field 
intensities does not have a unique solution. This approach allows the framework of the 
Monte Carlo method to remain the same, while accounting for interference effects.  
The adapted Monte Carlo method can prove useful in two areas of light 
simulation. The first is simulating light propagation through interfering structures with 
scattering or absorptive properties that make analytic solutions difficult. The second is 
allowing structures that are combinations of conventional and interfering media to be 
simulated in a single, unified Monte Carlo method.  
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CHAPTER 6.  Light Scattering in the Liquid Crystal Layer 
Scattering is introduced into the Monte Carlo model by calculating the scattering 
efficiency of the liquid crystal layer using the DDA. A DDA algorithm, DDASCAT, was 
created by Draine and Flatau [34] was publically released and modified by Loiko and 
Molochko [24] for calculating scattering properties of liquid crystal droplets. The DDA 
has been shown to be accurate for scattering targets with relative refractive index |m| ≤ 2, 
which make it an appropriate method for calculating scattering properties of liquid crystal 
droplets in HPDLCs, where m~1. A brief description of the DDA method used in this 
work based on the DDASCAT described by Draine and Flatau will be given and the 
DDA toolbox for MATLAB developed by Loke et al [51]. 
The DDA approximates a scattering target as a collection of individual dipoles. 
The DDA method begins by assigning a location and polarizability to each dipole. The 
dipoles will be placed on a cubic lattice and the number of dipoles used should be such 
that the lattice spacing is small compared to the wavelength of incident light and that the 
scattering target shape is properly defined. Equation (36) mathematically describes this 
condition, where N is the number of dipoles and aeff is the effective radius of the 
scattering target. 
 
 
 
(36) N > (4! / 3) m 3 kaeff( )3
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Once the location of the dipoles has been set, a polarizability needs to be assigned 
to each dipole. The lattice dispersion relation method has been shown to be accurate 
when |m|kd<1 [52]. The polarizability calculated by the lattice dispersion relation is 
shown in equation (41) where  is the Clausius-Mossotti polarizability.  
 
 
(37) 
 
            
 
(38) 
 
  
The next step in the DDA is to calculate the electric field at each dipole. The 
electric field at each dipole is a combination of the incident electric field and the 
interaction field from the other dipoles. The field at each dipole is given by equation (39) 
where  is the interaction matrix given by equation (40). 
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(40) 
      
 
 
The polarization  can then be calculated using equation (41) 
 
 
(41)
 
  
In general, solving equation (41) is computationally difficult due to the large size 
of the linear system, so the iterative MATLAB operator generalized minimum residual 
method (gmres) is used to decrease the calculation time. 
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Figure 42. The system of equations that must be solved to determine the polarization of 
each dipole. Due to the large size, iterative methods are commonly used to solve the 
system of equations [51]. Reprinted figure with permission from V. L. Loke, M. Pinar 
Mengüç, and T. A. Nieminen, "Discrete-dipole approximation with surface interaction: 
Computational toolbox for MATLAB," Journal of Quantitative Spectroscopy and 
Radiative Transfer, vol. 112, pp. 1711-1725, 2011. Copyright 2011 Elsevier. 
 
 
 
Once the polarization of each dipole has been calculated, the scattering efficiency 
can be calculated using equation (42) [53]. 
 
 
(42)
 
 
  
The above procedure can be used for isotropic targets, but for anisotropic targets 
such as the liquid crystal droplet, the polarizability of each dipole must be matched to the 
anisotropy of the liquid crystal molecules at each dipole’s individual position. In order to 
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∑
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correctly assign a polarizability to each dipole, first the anisotropic polarizability is 
generated and then rotated by the appropriate angles based on the position of the dipole. 
The anisotropic polarizability tensor is given in equation (43), where the polarizability in 
each direction is calculated using equation (37), and for the bipolar configuration, it is 
then rotated for each dipole according to equations (44) – (51), where ! j  is the rotation 
angle in the x direction, ! j  is the rotation angle in the y direction, and ! j  is the rotation 
angle in the z direction. 
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(49) 
 
 
(50) 
 
 
(51) 
 
 
 
 
The DDA method was used to calculate the scattering efficiency, , for a 
single liquid crystal droplet in an isotropic surrounding medium. The parameters used for 
the DDA simulations are given in Table 2. Two separate simulations were run, the first 
averaged the six scattering efficiencies calculated from light incident in the directions and 
polarizations as shown in Figure 43, the second was an ensemble average of 3000 
scattering efficiencies for a droplet with random orientation, as shown in Figure 44. 
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Table 2. Parameters used for DDA simulations of a single bipolar liquid crystal droplet. 
Incident Wavelength λ=400 nm 
Droplet Size R=40 nm 
Number of Dipoles Ndipole=2108 
Lattice Spacing d=5 nm 
Ordinary Refractive Index no=1.5573 
Extraordinary Refractive Index ne=1.8579 
Medium Refractive Index nm=1.5640 
 
 
 
 
 
Figure 43. A single liquid crystal droplet with arbitrary orientation. The axes may be set 
such that the director is aligned with the Z-axis. Light may be incident along each of the 
three axes with two polarizations each, leading to six distinct scattering cases. 
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Figure 44. Scattering efficiencies calculated for a bipolar liquid crystal droplet. Each trial 
represents a new random orientation. As seen in the figure, the scattering efficiency 
distribution is unevenly distributed with a bias towards the lower scattering efficiencies. 
 
 
 
Calculating the scattering efficiency of the droplet over the six possible directions 
and polarizations of incident light leads to only two different values, defined as Qmax and 
Qmin. If the polarization of the incident light is aligned with the director of the liquid 
crystal droplet, the scattering efficiency will result in Qmax whereas for all other cases, the 
scattering efficiency will results in Qmin. Counting the possible scenarios, results in two 
counts of Qmax and four counts of Qmin. Figure 45 shows the two cases that were used to 
calculate Qmax and Qmin.  
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Figure 45. Two of the six possible axially incident light polarizations. When the 
polarization is parallel to the droplet director, the scattering is at a maximum. When the 
polarization is perpendicular to the droplet director, the scattering is at a minimum. 
 
 
 
An average for all droplet orientations and incident polarization can then be 
calculated using equation (52). 
 
  (52) 
  
Qavg = 2*Qmin +Qmax( ) / 3
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The results of the calculations of Qmin and Qmax are compared with the ensemble 
average in Table 3. As shown in the table, the axis aligned scattering calculations match 
those calculations extracted from the ensemble simulations. 
 
Table 3. Comparison of scattering efficiency factors calculated by averaging factors 
calculated from light incident along the axes compared to an ensemble of randomly 
oriented droplets. 
 Axis Aligned Incidence Ensemble 
Qmin 1.333e-4 1.333e-4 
Qmax 0.2675 0.2675 
Qavg 0.0893 0.0876 
 
 
 
The DDA method has been applied to determine the scattering efficiency of liquid 
crystal droplets in an isotropic surrounding medium. The results in this chapter have 
demonstrated the DDA’s application to a bipolar droplet, but the same methodology can 
easily be applied to a droplet with an aligned configuration, as will be shown in chapter 7. 
Simulations were completed for light with predetermined direction of incidence and 
polarization and the results were compared to an ensemble of random droplet 
orientations. The comparison revealed that it is possible to average only two scattering 
efficiencies at different polarizations and result in the ensemble average. 
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CHAPTER 7.  Monte Carlo Method for Light Propagation in HPDLCs 
7.1 Parameters 
 The first step in modeling the light propagation in HPDLCs is to setup the grating 
structure. Two gratings structures are simulated, one using the parameters and data from 
Sutherland’s analysis, and the second from a grating experimentally fabricated at Drexel. The 
parameters necessary to model the grating include the thickness of each layer, the number of 
layers, and the refractive index of each layer. The thicknesses of each layer are determined by 
analyzing the SEM images of the grating. However, the structure of the HPDLC is changed 
during the SEM preparation. The removal of the liquid crystal in addition to the low-pressure 
environment in the SEM, result in a uniform shrinkage, as seen in Figure 46. Therefore, 
measured values for layer thicknesses must be scaled by the inverse of the shrinkage factor to 
determine the real values. To determine the shrinkage factor, the SEM measured grating pitch is 
compared to the calculated value using Bragg’s law, equation (7).  
The grating pitch, , and proportion of the high index layer to the grating pitch, , 
were measured from a series of SEM images, similar to Figure 46. There is significant variability 
in layer thicknesses across the area of the image so a large number of grating periods were 
measured and the observed values were averaged. While it would be ideal to measure the liquid 
crystal droplet radii from the SEM images, this cannot be done because it cannot be known where 
in the droplet the film was fractured. Unless the fracture occurred along an equatorial line in the 
droplet sphere, the visible radius will be less than the actual radius. Therefore the droplet diameter 
was determined from the average thickness of the high index layer. After analyzing the SEM 
images, the grating pitch was determined to be 130 nm. The real grating pitch as calculated by 
! !
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Bragg’s law is 178 nm, so the shrinkage factor, , was determined to be 1.37. The remainder of 
the measured values and the actual values after being scaled by the shrinkage factor are shown in 
Table 4. 
 
 
  
Figure 46. SEM image of the experimental sample used to collect the parameters for the 
Monte Carlo model. The shrinkage is visible, as the HPDLC film has separated from the 
upper glass substrate. 
 
 
 
 
!
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Table 4. Measured and real values of HPDLC parameters with a shrinkage correction 
factor of . 
Parameter Measured Value Real Value 
  130 nm 178 nm 
L 10 µm 13.7 µm 
Polymer Layer Thickness 71 nm 97 nm 
Liquid Crystal Layer Thickness 59 nm 81 nm 
Droplet Radius 29.5 nm 40.5 nm 
  0.4567 0.4567 
 
 
 
 
An effective index method is used to determine the refractive index in each layer. The 
refractive index of each the liquid crystal, E7, and the polymer, NOA 65 are shown in Figure 47. 
Sutherland et al. approximated the dispersion relation of NOA 65, while Li et al. [54]  measured 
it directly, explaining the small difference in refractive index of the polymer. Following the 
analysis by Sutherland et al. [4], the refractive index in each layer can be approximated using 
equations (27) – (31). The dispersion relation of E7 was taken from Sutherland et al. and the 
dispersion relation of NOA 65 was taken from Li et al.[54] The constants used to determine the 
refractive index of both materials at each wavelength are shown in Table 5. Table 6 shows the 
parameters used for the two gratings modeled. The volume fraction of liquid crystals in the entire 
sample, , was determined by the mass-ratio of the liquid crystals in the initial mixture. Two of 
the other volume fractions,  and , were fit to the transmission curve. The remaining volume 
! = 1.37
!
!
f0
fd fLs
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fraction, , can be calculated from the other three volume fractions. The volume fraction of 
liquid crystal droplets in the high index layer, , was used in equation (24) to determine the 
scattering probability with the results from the DDA simulations.  
 
Table 5. Constants used to determine the dispersion relationship of the materials modeled 
in the HPDLC. 
  E7 – no E7 – ne NOA 65 
A 1.4998 1.6993 1.5130 
B   0.0067 0.0085 0.0045 
C   4.0e-4 0.0027 1.8e-4 
 
 
Table 6. Parameters used for HPDLC gratings for Monte Carlo model. 
 Experimental  Sutherland Data 
f0 0.352 0.355 
fHs 0.0733 0.0575 
fLs 0.25 0.22 
fd 0.4 0.5 
  178.8 nm 176.4 nm 
 0.4567 0.4 
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Figure 47. Refractive indices of the materials used in the Monte Carlo model. Notice the 
difference between the refractive index of E7 and NOA 65 is largest in the blue region of 
the spectrum. 
 
 
Sutherland et al. assumed the liquid crystal droplets were in a bipolar configuration and 
thus had an order parameter of S=1/3 [4]. However, recent studies calculating the free energy for 
different configurations have suggested that the nano-sized droplets found in HPDLCs may have 
an aligned configuration with S=1 [9]. Other studies have used electron spin resonance studies to 
determine the liquid crystal droplets in HPDLCs have an order parameter of S=0.6 [55], The 
Monte Carlo model was run with the three different values for the order parameter and the results 
were compared to the experimental results. Examples of the liquid crystal orientations in the 
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DDA lattice for a droplet for the bipolar and aligned configuration are shown in Figure 48 and 
Figure 49.  
 
 
 
Figure 48. Alignment of the liquid crystal molecules in a droplet with an aligned 
configuration. All of the liquid crystal molecules are oriented in the same direction. 
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Figure 49. Alignment of the liquid crystal molecules in a droplet with the bipolar 
configuration. The liquid crystal molecules align tangentially to the droplet boundary and 
the molecules in the interior align in nested ellipsoids. 
 
 
 
7.2 Results 
To review, the Monte Carlo model first builds the grating using the parameters 
described in the previous section and calculates the reflection probability for the forward 
and backward traveling photons of each wavelength at each interface in the grating. 
These reflection probabilities are calculated using the method described in chapter 5. 
Next, the scattering probability at each liquid crystal layer is calculated using the DDA 
for a single droplet as described in chapter 6. Photons are then launched into the 
simulated grating and a random number generator is used to track the path of the photon. 
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7.2.1 Comparison to Sutherland Experimental Data 
 
The parameters from Table 6 were used to model the experimental data from 
Sutherland et al. [4] The reflection probabilities calculated using the averaging method 
described in chapter 5 are shown in Figure 51. As seen in the figure, forward traveling 
photons have a high reflection probability near the Bragg wavelength. At other 
wavelengths the photons are more likely to transmit through the grating. The reflection 
probabilities for the backwards-traveling photons are lower for those wavelengths near 
the Bragg wavelength.  
 
 
 
Figure 50. Refractive indices of the high index and low index layer of the HPDLC 
grating. The high index layer is the liquid crystal rich region while the low index layer is 
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the polymer rich region. The difference in refractive index is larger at the blue end of the 
spectrum compared to the red end of the spectrum. 
 
 
 
 
 
Figure 51. Reflection probabilities chosen by the average method for each layer in each 
direction. Photons traveling in the forward direction have a low reflection probability 
except for wavelengths near the Bragg wavelength. 
 
 
 
The Monte Carlo model was run without scattering included in order to compare 
the ideal grating with the experimental results. The comparison is shown in Figure 52.  
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As seen in the figure, the ideal grating shows near full transmission for all wavelengths 
far from the Bragg wavelength, and the characteristic side lobes near the Bragg 
wavelength. The reflection notch is slightly higher than the experimental data, which 
would be predicted assuming a small percent of light at the Bragg wavelength is lost to 
scattering. 
 
 
 
Figure 52. Comparison of the Monte Carlo simulated results for the HPDLC with no 
scattering. Transmission is near 100% except for wavelengths near the Bragg grating for 
the ideal grating, although the transmittance of the Bragg wavelength is slightly higher 
than the experimental data. 
 
 
 
The scattering probabilities were calculated using equation (25) and the DDA 
method described in chapter 6. The scattering efficiencies were calculated over the range 
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of possible droplet orientations and light polarization, and averaged to reach a final 
scattering efficiency for each droplet configuration. The scattering efficiency for a droplet 
with and aligned configuration is shown in Figure 54 and the scattering efficiency for a 
droplet with a bipolar configuration is shown in Figure 55. As seen in the figures, the 
scattering efficiency for both droplet configurations is at a maximum at the blue end of 
the spectrum and decreases quickly as the wavelength increases. This is due to two 
factors; the first being that in the Rayleigh-Gans regime, shorter wavelengths have 
increased scattering. The second factor is due to the greater difference in refractive index 
between the liquid crystal and polymer at the blue end of the spectrum, as seen in Figure 
53.  
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Figure 53. Difference in refractive index between the liquid crystal droplet and the 
surrounding medium in the high index layer. The index of the droplet is averaged for a 
bipolar droplet over all possible orientations. The refractive index difference is greatest at 
the blue end of the spectrum. 
 
 
Another interesting feature to take note of is the fact that the scattering efficiency 
for the aligned droplet configuration is approximately three times greater than that of the 
bipolar droplet. This is due to the greater difference in relative refractive index between 
the droplet and the surrounding medium and agrees with the analytical results achieved 
using the Rayleigh-Gans approximation by Zumer and Doane [13]. To simulate scattering 
from a liquid crystal layer with an order parameter of S=0.6, equation (53) was used. 
 
  (53) QS=0.6 = 0.6( )Qbip + 0.4( )Qali
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Figure 54. The scattering efficiency as a function of wavelength for a 35 nm aligned E7 
droplet in NOA 65. This plot shows the result averaged over all droplet orientations and 
light polarizations. As expected, the scattering efficiency is higher in the blue region of 
the spectrum due to the lower wavelength as well as greater difference in refractive index 
between E7 and NOA65. 
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Figure 55. The scattering efficiency as a function of wavelength for a 35 nm bipolar E7 
droplet in NOA 65. This plot shows the result averaged over all droplet orientations and 
light polarizations. As expected, the scattering efficiency is higher in the blue region of 
the spectrum due to the lower wavelength as well as greater difference in refractive index 
between E7 and NOA65. The scattering efficiency is less than that of the aligned droplet 
due to a lower difference in relative refractive index between the surrounding medium 
and the droplet in the bipolar configuration. 
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The scattering probability through a single liquid crystal layer for S=1/3, S=0.6, 
and S=1, was calculated by combining equations (25) and (53). The scattering probability 
of a photon traveling through a single liquid crystal layer with S=0.6, is shown in Figure 
56.  
 
 
 
Figure 56. The probability a photon is scattered traveling through a single liquid crystal 
layer as a function of wavelength. This result assumes an order parameter of S=0.6.  
 
 
Once the photon has been scattered, the Henyey-Greenstein function, equation 
(26) was used to spin the photon into a new direction. The scattering from the liquid 
crystal droplets is highly forward scattering so a forward scattering factor of g=0.9998 
was used to determine the direction of the scattered photons. 
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With the thickness of each layer and the refractive index of each layer known, the 
reflection probability at each interface was calculated following the procedure from 
chapter 5. In addition to the scattering probabilities calculated from the DDA and the 
probability distribution to scatter photons into a new direction using the Henyey-
Greenstein function, all of the probabilities necessary to run the Monte Carlo model have 
been calculated. The Monte Carlo model was run with 10,000 photons for each 
wavelength, with a wavelength resolution of 1 nm, for the three scattering efficiencies 
calculated for S=1/3, 1, and 0.6. The results of the three simulations are shown in Figure 
57, Figure 58, and Figure 59. As seen in the figures, for S=1/3 the Monte Carlo model 
predicts a higher transmission than the experimental results, and for S=1 the Monte Carlo 
model predicts lower transmission than the experimental results. However, for S=0.6, the 
Monte Carlo model matches well with the experimental data. Therefore it can be 
concluded that the droplets inside the HPDLC have an average order parameter of S=0.6. 
 
 100 
 
Figure 57. The results of the Monte Carlo simulation with S=1/3 compared with 
experimental results from Sutherland et al. The Monte Carlo model shows increased 
transmittance across the spectrum; indicating scattering in the HPDLC is not from only 
droplets in the bipolar configuration. 
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Figure 58. The results of the Monte Carlo simulation with S=1 compared with 
experimental results from Sutherland et al. The Monte Carlo model shows decreased 
transmittance across the spectrum; indicating scattering in the HPDLC is not from only 
droplets in the aligned configuration. 
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Figure 59. The results of the Monte Carlo simulation with S=0.6 compared with 
experimental results from Sutherland et al. The Monte Carlo model shows a very good fit 
near the Bragg wavelength with a larger error in the blue end of the spectrum. 
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7.2.2 Comparison to Experimental Results 
 
The same procedure was used to model the transmission of light through the 
experimentally fabricated HPDLC grating. For this set of experimental data, the Monte 
Carlo model did not fit as well when compared to the Sutherland data in the previous 
section, as seen in Figure 60. However, the model correctly predicts the Bragg reflection 
notch and the general scattering behavior.  
 
 
 
Figure 60. Light transmission comparison of experimental results with Monte Carlo 
model. The model does not fit the experimental data as well as with the data from 
Sutherland et al. However, the model does predict the Bragg peak and general scattering 
behavior. 
 
 104 
 
The angular distribution of scattered light incident from a 532 nm Nd:YAG laser 
was measured experimentally using the setup as shown in Figure 32. The data was 
collected for angles between 0 and 30 degrees. At higher angles the scattered intensity 
was below the signal to noise threshold of the detector. As seen in Figure 61, the intensity 
of scattered light falls off rapidly with increasing angle. The data is plotted in Figure 62 
on a semi-log plot to better visualize the scattering behavior at higher angles. 
 
 
 
Figure 61. The angular distribution of scattered light measured using the experimental 
setup shown in Figure 32 for light incident at a wavelength of 532 nm. The scattering 
distribution is highly forward scattering and the majority of the scattered light is scattered 
into small angles. 
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Figure 62. Angular distribution of scattered light on a semi-log plot.  
 
 
 
The trajectories of the scattered photons were determined using the Henyey-
Greenstein function with a forward scattering factor of g=0.9998. As discussed in chapter 
4, it was assumed that the scattered photons did not interact with interface in the grating 
or other liquid crystal droplets. For this Monte Carlo simulation 2,000,000 photons of 532 
nm light were set as the incident light source. As shown in Figure 63, the Monte Carlo 
model fits well with the experimental measurements. 
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Figure 63. Comparison of angular distribution of scattered light as calculated by the 
Monte Carlo method and the observed experimental data. The Monte Carlo method was 
run with 2,000,000 photons and a forward scattering factor of g=0.9998. 
 
 
 
7.3 Analysis 
The results presented earlier in this chapter have shown that the Monte Carlo 
method can be used to predict both the transmittance and the angular distribution of 
scattering for light incident onto a HPDLC. These results cannot only be used as a 
predictive tool, but also as a means of understanding the physical nature of light 
propagation through the HPDLC. In particular, fitting the transmittance of the Monte 
Carlo model to the experimental data provides information on the configuration of the 
liquid crystal molecules in the spherical droplets. Additionally, fitting the Monte Carlo 
model to the experimentally observed angular distribution of scattered photons provides 
information on the presence of multiple scattering in the HPDLC. Earlier work has 
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proposed a bipolar configuration with order parameter S=1/3 [4], an aligned 
configuration with S=1 [9], or a mixture or unknown configuration with S=0.6 [55]. The 
Monte Carlo model has shown that the intensity of scattering due to droplets with S=1/3 
is less than that observed experimentally and that the scattering due to droplets with S=1 
is greater than that observed experimentally. However, the scattering from a mixture of 
droplets with S=1/3 and S=1 to give an average order parameter of S=0.6 shows an 
excellent fit to experimental data. From this result we can infer that the droplets in the 
HPDLC are either a mixture of aligned and bipolar droplets or a theorized configuration 
of a bipolar shell with an aligned core [55]. 
The use of the Henyey-Greenstein function to model the trajectories of the 
scattered photons provides an insight into the light propagation inside the HPDLC. First, 
the fact that the photons are very highly biased into the small angle scattering indicates 
that the scattering process is dominated by single scattering and the photons do not 
strongly interact with the grating structure. If multiple scattering effects were significant, 
the angular distribution of scattered photons would be expected to show a broader 
distribution of scattered intensity rather than the observed narrow peak. The fit of the 
Monte Carlo model to the experimental data validates the assumptions made that the 
scattered photons predominantly travel unperturbed in the direction they were initially 
scattered into. 
The work presented in this thesis is not without sources of error, both 
experimentally and theoretically. Experimentally, the HPDLC gratings produced 
inevitably results in variability from sample to sample. The volume ratios of the initial 
 108 
mixture are assumed to stay constant during the application and curing process. 
Additionally, environmental conditions such as temperature, humidity, and vibrations can 
all significantly affect the resulting HPDLC grating. The sources of error in the 
theoretical portion of this thesis are found mainly in the assumptions made to simplify the 
model. First the calculation of the grating parameters included numerous assumptions. 
The grating was assumed to be uniform throughout the thickness of the film in terms of 
layer thicknesses and refractive indices. However, it is known that there is significant 
variability in both parameters. Additionally, multiple assumptions were made in terms of 
the light propagation through the HPDLC. It was assumed that the scattering from the 
liquid crystal droplets acts only as a small perturbation to the reflection and transmission 
properties of the layers. The Monte Carlo model has separated the two processes, when in 
fact the electric field that is scattered from the droplets will interact with the incident 
plane wave, which is transmitting through the grating. In addition, the scattering from the 
liquid crystal layer was assumed to be caused from an isolated liquid crystal droplet, but 
the nearby droplets contribute to the scattering. Finally it was assumed that the scattered 
photons do not interact with the liquid crystal droplets or grating interface after the 
scattering event. However, considering all these assumptions, the Monte Carlo model has 
proven to be a valuable tool to accurately predict and understand the light propagation 
through the HPDLC. 
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CHAPTER 8.  Conclusions and Contributions 
8.1 Conclusions 
This dissertation has provided a comprehensive description of the fundamentals, 
background, modeling technique, and experimental results concerning light scattering in 
holographic polymer dispersed liquid crystals. The research described contributes to the 
current state of the art by introducing a new modeling methodology and validating the 
model by comparing it to experimental data. The broad contributions of this thesis 
include: 
 
1. Development of a Monte Carlo model that enables the simulation of photon 
propagation in structures with interference effects. 
2. Application of the Monte Carlo model to HPDLCs to investigate microscopic 
properties of the device such as liquid crystal droplet configuration. 
3. Application of the Monte Carlo model to HPDLCs as a predictive tool for light 
scattering for use in designing and implementing HPDLCs in optical systems. 
 
8.2 Contributions 
8.2.1 Development of a Monte Carlo model for Light Propagation in Interfering 
Structures 
A key contribution of this dissertation is the development of a Monte Carlo model 
for light propagation in interfering structures. Previously, Monte Carlo models for light 
propagation have treated photons purely as particles without consideration any of the 
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wave properties of light. This limited the use of the Monte Carlo method to structures that 
are much larger than the wavelength of light being simulated. The contributions of this 
thesis enable the use of Monte Carlo methods for light propagation in structures on the 
order of wavelength of the incident light. This adapted Monte Carlo method functions by 
first solving for the electric field amplitudes in a simplified structure and calculating 
wavelength dependent reflection probabilities from the wave amplitudes. The work in 
this thesis expands the applicability of Monte Carlo methods for light propagation to 
structures in which the wave nature of light has an effect on the light propagation. 
 
8.2.3 Application of Monte Carlo Model to HPDLCs to Investigate Microscopic 
Properties of the Device 
The second contribution of this thesis is the application of the Monte Carlo model 
for light propagation in HPDLCs to investigate the microscopic properties of the device. 
The Monte Carlo model was used with scattering efficiency factors calculated for various 
droplet order parameters. By comparing the results generated by the Monte Carlo model 
with experimental data, information about the liquid crystal alignment in the nanometer-
sized droplets can be gathered. Previous work on the order parameter within the liquid 
crystal droplets in HPDLCs has been divided, with different authors predicting values of 
S=1/3, S=1, and S=0.6. This work in this dissertation utilized the discrete dipole 
approximation in combination with the adapted Monte Carlo method to show that an 
order parameter of S=0.6 shows the best fit with experimental results.  
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8.2.3 Application of the Monte Carlo Model to HPDLCs as a Predictive Tool for Light 
Scattering 
 
 The final contribution of this thesis is the application of the Monte Carlo Model to 
HPDLCs as a predictive tool for light scattering. HPDLCs have many applications in 
areas such as imaging and communication systems where the angular distribution of 
scattered light plays an important role in device design and performance. The work in this 
thesis provides a straightforward model for predicting the trajectory of the scattered light. 
Additionally, fitting the Monte Carlo model to the experimentally observed data has 
shown that a single scattering approximation provides an accurate description of the 
scattering in the HPDLC. From this it may be concluded that although the HPDLC is 
characterized by a high density of scattering objects, the scattering is dominated by single 
scattering events. 
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Appendix A: Monte Carlo Code 
 
 
 
%Monte Carlo Simulations 
  
clear all; %Clearing variables 
close all; %Closing figures 
  
  
%% Setting Up Parameters 
  
tic %For timing  
  
set(0,’defaultAxesFontName’, ‘Times New Roman’)%Setting figure fonts 
set(0,’defaultTextFontName’, ‘Times New Roman’) 
  
  
lambda=400e-9:1e-9:700e-9; %Wavelengths to be simulated 
Eo=8.85e-12; %Permittivity of free space 
N_P=10000; %Number of photons 
nperiod=76;%Number of Periods in the grating 
layers=nperiod*2+2;%Number of layers in grating 
n=zeros(layers,length(lambda)); 
d=zeros(1,layers); 
pitch=176.4e-9;%Grating pitch 
alpha=.4;%percent of pitch occupied by LCs 
Rchoose=2;%1 for random 2 for average 3 for max trans 4 for max 
reflection 
rdrop=pitch*alpha/2;%droplet radius 
Volumedrop=4/3*pi*rdrop^3;%droplet volume 
  
  
%%Factors to fit to model 
beta=1/6;%depends on symmetry axes distribution of droplets 
gamma=1/8; 
S=1/3;%depends on spherical nature of droplets (1/3=perfect sphere) 
fd=.5;%volume faction of droplets in the droplet layer 
fLs=.22;%Volume fraction of LC in solution in low index layer 
f0=.355;%percent of initial mixture that is LC 
fHs=f0/alpha-(1-alpha)/alpha*fLs-fd;%Volume fraction of LC in solution 
in high index layer 
  
packingdensity=Volumedrop/(2*rdrop)^3*fd; 
rhoS=1/Volumedrop*packingdensity;%Density of scattering objects 
  
npolymerS=1.4984+10.7e-3./((lambda/1e-6).^2)-6.1e-4./((lambda/1e-
6).^4);%Sutherland 
npolymer=1.5130+.0045./((lambda/1e-6).^2)+1.8e-4./((lambda/1e-
6).^4);%Li baird et al. 
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nextraordinary=1.6993+8.5e-3./((lambda/1e-6).^2)+2.7e-3./((lambda/1e-
6).^4);%E7 
nordinary=1.4998+6.7e-3./((lambda/1e-6).^2)+4e-4./((lambda/1e-
6).^4);%E7 
ni=sqrt((1/3)*(2*nordinary.^2+nextraordinary.^2));%Intrinsic droplet 
refractive index 
nL=sqrt(fLs*ni.^2+(1-fLs)*npolymer.^2);%Refractive index of low index 
layer 
nm=sqrt((fHs*ni.^2+(1-fHs-fd)*npolymer.^2)/(1-fd));%Refractive index of 
medium surrounding droplet in high index layer 
nd=sqrt(ni.^2+beta*S*(nextraordinary.^2-nordinary.^2));%Refractive 
index of droplet 
nH=sqrt(fd*nd.^2+(1-fd)*nm.^2);%Refractive index of high index layer 
  
m=nd./nm; 
  
  
load(‘Qavg_bipolar_Suth_4_24_14.mat’,’fx’);%Loading Qs calculated from 
DDA 
Qbip=fx; 
  
load(‘Qavg_align_Suth_4_24_14.mat’,’fx’); 
Qali=fx; 
  
bip_ratio=.6;%percent of droplets in bipolar vs aligned state 
  
Q=Qbip*bip_ratio+Qali*(1-bip_ratio); 
  
sigmaS=Q*pi*rdrop^2; 
muS=rhoS*sigmaS; 
Transmissionprob=exp(-muS*2*rdrop); 
  
scatprob=1-Transmissionprob; %Calculating scattering probability 
  
togglescatter=1;  %Scattering (1)On or (0)Off 
  
  
fig1=figure(1); %Plot scattering probability 
set(1,’Color’,[1 1 1]) 
plot(lambda*1e9,nd-nm,’LineWidth’,2); 
set(gca,’FontSize’,36); 
title(‘Refractive Index Difference between Droplet and Surrounding 
Medium’); 
xlabel(‘Wavelength (nm)’); 
ylabel(‘Refractive Index’); 
hold on 
  
  
 for w=2:2:layers-1 %Setting up layer thicknesses 
    d(w)=pitch*(1-alpha); 
    d(w+1)=pitch*alpha; %+avgsigmav.*randn(1,1); 
end 
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for a=1:length(lambda) %Setting up layer refractive indices 
    n(1,a)=1.518;%Glass substrate 
    n(layers,a)=1.518; 
    for w=2:2:layers-1 
    n(w,a)=nL(a); 
    n(w+1,a)=nH(a); 
    end 
end 
  
  
  
%Original method 
theta=0; %Angle of Incidence  
  
theta1=asind(1./n(2,J.*sind(theta)); 
theta2=asind(1./n(3,J.*sind(theta)); 
thetaL=zeros(layers,length(lambda)); 
  
for a=1:length(lambda)%Angle of propagation in each layer 
    for L=1:layers 
        thetaL(L,a)=asind(1./n(L,a).*sind(theta)); 
    end 
end 
  
k1x=n(2,J*2*pi./lambda .* cosd(theta1); %Wavevector in n1 layers 
k2x=n(3,J*2*pi./lambda .* cosd(theta2);  %Wavevector in n2 layers 
  
%%Dynamical Matrices 
D0=[1 1; 1.518*cosd(thetaL(1)) -1.518*cosd(thetaL(1))]; 
D1=zeros(2,2,length(lambda)); 
D2=zeros(2,2,length(lambda)); 
  
for a=1:length(lambda) 
D1(:,:,a)=[1 1; n(2,a).*cosd(theta1(a)) –n(2,a).*cosd(theta1(a))]; 
D2(:,:,a)=[1 1; n(3,a).*cosd(theta2(a)) –n(3,a).*cosd(theta2(a))]; 
end 
  
anbn=zeros(2,layers,length(lambda));  %Field amplitudes in layers 
Itotal=zeros(2,layers,length(lambda));  %Combined intensity 
%% E-Field Calculations 
  
R=zeros(1,length(lambda));%Total reflected intensity 
tempEfields=zeros(2,layers); 
  
for z=1:length(lambda)%Calculating field in each layer using matrix 
method 
  
        P1=[exp(1i*k1x(z)*d(2)) 0;0 exp(-1i*k1x(z)*d(2))]; 
        P2=[exp(1i*k2x(z)*d(layers-1)) 0;0 exp(-1i*k2x(z)*d(layers-
1))]; 
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        tempEfields(:,layers)=[1;0]; 
        tempEfields(:,layers-1)=P2*D2(:,:,z)^-
1*D0*tempEfields(:,layers); 
        tempEfields(:,layers-1)=P2*D2(:,:,z)^-
1*D0*tempEfields(:,layers); 
        for L=layers-2:-1:2 
            if rem(L,2)==1 
                tempEfields(:,L)=P2*D2(:,:,z)^-
1*D1(:,:,z)*tempEfields(:,L+1); 
            else 
                tempEfields(:,L)=P1*D1(:,:,z)^-
1*D2(:,:,z)*tempEfields(:,L+1); 
            end 
             
        end 
        tempEfields(:,1)=D0^-1*D1(:,:,z)*tempEfields(:,2); 
     
    anbn(:,:,z)=tempEfields(:,J; 
  
end 
  
  
for u=1:length(lambda)%Normalizing field to number of photons 
   for L=1:layers 
    Itotal(:,L,u)=anbn(:,L,u).*conj(anbn(:,L,u))*n(L,u)/n(1,u); 
    R(u)=Itotal(2,1,u)/Itotal(1,1,u); 
   end 
end 
  
  
%%  Calculating Probabilites 
  
Rforward=zeros(length(lambda),layers-1); 
Rback=zeros(length(lambda),layers-1); 
  
if Rchoose==1  %  Random Probabilities 
for a=1:length(lambda) 
  
    Rback(a,layers-1)=0; 
     
    for L=1:layers-2 
         
        Rback(a,L)=rand;     
        Rforward(a,L)=Itotal(2,L,a)/Itotal(1,L,a)-(1-
Rback(a,L))*Itotal(2,L+1,a)/Itotal(1,L,a); 
         
        while (Rforward(a,L)>1) || (Rforward(a,L)<0)  
            Rback(a,L)=rand; 
            Rforward(a,L)=Itotal(2,L,a)/Itotal(1,L,a)-(1-
Rback(a,L))*Itotal(2,L+1,a)/Itotal(1,L,a); 
        end 
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    end 
     
    Rforward(a,layers-1)=Itotal(2,layers-1,a)/Itotal(1,layers-1,a); 
     
end 
  
elseif Rchoose==2 || 3 || 4  %2=Averaged Probabilities, 3=Max 
Tansmission 4=Max Reflection 
  
    for a=1:length(lambda) 
        
       Rback(a,layers-1)=0; 
       Rforward(a,layers-1)=Itotal(2,layers-1,a)/Itotal(1,layers-1,a);  
             
       for L=1:layers-2 
                RbHtemp=1; %Testing Rb=1 
                RfHtemp=Itotal(2,L,a)/Itotal(1,L,a)-(1-
RbHtemp)*Itotal(2,L+1,a)/Itotal(1,L,a); 
                if RfHtemp>0 && RfHtemp<1 
                    RfH=RfHtemp; 
                    RbH=RbHtemp; 
                end 
         
             RbLtemp=0; %Testing Rb=0 
             RfLtemp=Itotal(2,L,a)/Itotal(1,L,a)-(1-
RbLtemp)*Itotal(2,L+1,a)/Itotal(1,L,a); 
                if RfLtemp>0 && RfLtemp<1 
                    RfL=RfLtemp; 
                    RbL=RbLtemp; 
                end 
         
                RfHtemp=1;%Testing Rf=1 
                RbHtemp=(Itotal(1,L+1,a)-Itotal(1,L,a)*(1-
RfHtemp))/Itotal(2,L+1,a); 
                   if RbHtemp>0 && RbHtemp<1 
                        RfH=RfHtemp; 
                        RbH=RbHtemp; 
                   end 
         
                RfLtemp=0; %Testing Rf=0 
                RbLtemp=(Itotal(1,L+1,a)-Itotal(1,L,a)*(1-
RfLtemp))/Itotal(2,L+1,a); 
                if RbLtemp>0 && RbLtemp<1 
                    RfL=RfLtemp; 
                    RbL=RbLtemp; 
                end 
                 
            if Rchoose ==2 
                Rforward(a,L)=(RfL+RfH)/2; 
                Rback(a,L)=(RbL+RbH)/2; 
            end 
             
            if Rchoose ==3 
 122 
                Rforward(a,L)=min([RfL,RfH]); 
                Rback(a,L)=(Itotal(1,L+1,a)-Itotal(1,L,a)*(1-
Rforward(a,L)))/Itotal(2,L+1,a); 
            end 
  
            if Rchoose ==4 
                Rforward(a,L)=max([RfL,RfH]); 
                Rback(a,L)=(Itotal(1,L+1,a)-Itotal(1,L,a)*(1-
Rforward(a,L)))/Itotal(2,L+1,a); 
                 
            end 
  
       end 
  
    end 
     
  
end 
  
figure(4) %Plotting Probabilities 
set(4,’Color’,[1 1 1]) 
subplot(2,1,1) 
imagesc(layers,lambda*10^9,Rforward); 
set(gca,’Ydir’,’normal’) 
set(gca,’FontSize’,20); 
caxis([0 1]) 
cbar=colorbar; 
set(cbar,’FontSize’,20); 
title(‘Forward Traveling Photon Reflection Probabilities’) 
xlabel(‘Layer Number’) 
ylabel(‘Wavelength (nm)’) 
  
  
subplot(2,1,2)  
imagesc(layers,lambda*10^9,Rback); 
set(gca,’Ydir’,’normal’) 
set(gca,’FontSize’,20); 
caxis([0 1]) 
cbar=colorbar; 
set(cbar,’FontSize’,20); 
title(‘Backward Traveling Photon Reflection Probabilities’) 
xlabel(‘Layer Number’) 
ylabel(‘Wavelength (nm)’) 
  
  
%%  Monte Carlo Propagation 
  
g=.995;%Forward Scattering Factor 
scatteredangles=zeros(length(lambda),N_P);%Angles of Scattered Photons 
  
pr=zeros(length(lambda),1);%Reflected number of photons 
pt=zeros(length(lambda),1);%Transmitted number of photons 
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ps=zeros(length(lambda),1);%Scattered Photons 
  
  
for a=1:length(lambda) 
    pcount=0;%index for each photon 
    rlambda=zeros(N_P,1); 
    while(pr(a)+pt(a)+ps(a))<N_P 
        pcount=pcount+1; 
        pos=1;%Initialize position 
        dir=1;%direction of photon 
        rcount=0; 
         
        while pos~=0 && pos~=layers 
         
        if dir==1  %Photon moving to the right 
                if rand(1)<Rforward(a,pos)     %Photon is reflected 
                    rcount=rcount+1; 
                    dir=dir*-1; 
                    pos=pos+1*dir; 
                        if pos==0       %Photon exits grating reflected 
side 
                            pr(a)=pr(a)+1; 
                        end 
                 
                else                   %Photon is transmitted 
                     pos=pos+1*dir; 
                    if pos==layers      %Photon exits grating 
transmitted side 
                        pt(a)=pt(a)+1; 
                    elseif pos==0 %Photon exits grating reflected side 
                        pr(a)=pr(a)+1; 
                    end 
                end 
        else  %Photon moving to the left 
            if rand(1)<Rback(a,pos)     %Photon is reflected 
                rcount=rcount+1; 
                dir=dir*-1; 
                pos=pos+1*dir; 
                    if pos==0       %Photon exits grating reflected 
side 
                        pr(a)=pr(a)+1; 
                    end 
                 
                else                   %Photon is transmitted 
                     pos=pos+1*dir; 
                    if pos==layers      %Photon exits grating 
transmitted side 
                        pt(a)=pt(a)+1; 
                    elseif pos==0 %Photon exits grating reflected side 
                        pr(a)=pr(a)+1; 
                    end 
            end 
        end 
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      if pos~=0 && pos~=layers 
            if togglescatter==1 
                if n(pos,a)==nH(a) %To scatter photons out of loop    
                    if rand(1)<scatprob(a) 
                        ps(a)=ps(a)+1; 
                         scatteredangles(a,ps(a))=acosd(1/(2*g)*(1+g^2-
((1-g^2)/(1-g+2*g*rand))^2));%Direction of scattered photon 
                        pos=0; 
                    end 
                end 
            end 
      end 
        end 
    rlambda(pcount)=rcount;     
    end 
  
end 
  
  
%% Plotting 
  
  
rcolors=[‘k’,’c’,’r’]; 
data1=load(‘Sample 7 – Glass reference.txt’);%Loading experimental data 
data2=load(‘SutherlandExpResults1.txt’); 
  
fig2=figure(2); 
set(2,’Color’,[1 1 1]) 
plot(lambda*10^9,pt/N_P, rcolors(runcount),’LineWidth’,2);%Plot Monte 
Carlo results 
hold on 
plot(data1(773:end,1),data1(773:end,2)/100,’r’,’LineWidth’,2);%Plot 
experimental results 
plot(data2(1:end,1),data2(1:end,2),’bs’,’LineWidth’,2); 
  
set(gca,’FontSize’,36); 
holder=ylim; 
xlabel(‘Wavelength (nm)’); 
ylabel(‘Normalized Transmittance’); 
ylim([0 1]); 
xlim([400 700]); 
hold on 
legend(‘Monte Carlo’,’Sutherland Experiment’) 
  
fig5=figure(5);%Plotting angular distribution of scattered light 
  
ExpAngles=[0 .25 .5 .625 .75 .875 1 1.25 1.5 2 2.5 3 4 5 6 8 10 15 20 
30]; 
Volts=[11.863 11.851 11.172 5.62 1.28 .310 .148 .0684 .0508 .0236 .0132 
.0113 .0058 .0044 .00279 .001338 .000836 .000508 .000438 .000408]; 
Volts=Volts/max(Volts); 
  
scatteredangles(scatteredangles==0)=[]; 
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[counts,angs]=hist(scatteredangles,180); 
counts=counts/max(counts); 
  
  
semilogy(ExpAngles,Volts,’LineWidth’,2) 
hold on 
semilogy(angs,counts,’rs’,’LineWidth’,2) 
set(5,’Color’,[1 1 1]) 
set(gca,’FontSize’,36) 
title(‘Angular Distribution of Scattered Light’) 
xlabel(‘Angle (Degrees)’) 
ylabel(‘Intensity’) 
legend(‘Experiment’,’Monte Carlo’) 
  
seconds=toc;%End timing 
minutes=seconds/60 
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Appendix B: Discrete Dipole Approximation Code 
 
 
 
%%Based on the MATLAB code made available by  V. L. Loke, M. Pinar 
Meng¸Á, and T. A. Nieminen, “Discrete-dipole approximation with surface 
interaction: Computational toolbox for MATLAB,” Journal of Quantitative 
Spectroscopy and Radiative Transfer, vol. 112, pp. 1711-1725, 2011. 
  
%% Initialize 
clear all 
close all 
set(0,’defaultAxesFontName’, ‘Times New Roman’) 
set(0,’defaultTextFontName’, ‘Times New Roman’) 
tic 
wavelengths=400e-9:10e-9:700e-9; 
N_runs=1; 
C=zeros(length(wavelengths),N_runs); 
Q=zeros(length(wavelengths),N_runs); 
%% Runs for loop 
for runcount=1:N_runs 
%% Setting up variables 
  
counter=0; 
  
xrotrand=0; 
yrotrand=0; 
zrotrand=0; 
  
xrotrand2=0; 
yrotrand2=0; 
zrotrand2=0; 
  
%% For loop for more wavelengths 
for index=wavelengths; 
counter=counter+1; 
  
lambda=wavelengths(counter); 
k0=2*pi./lambda; 
  
alpha=.4;%percent of pitch occupied by LCs 
beta=1/6;%depends on symmetry axes distribution of droplets 
gamma=1/8; 
S=1/3;%depends on spherical nature of droplets (1/3=perfect sphere) 
fd=.5;%volume faction of droplets in the droplet layer 
fLs=.22; 
f0=.355;%percent of initial mixture that is LC 
fHs=f0/alpha-(1-alpha)/alpha*fLs-fd; 
%npolymer=1.4984+10.7e-3./((lambda/1e-6).^2)-6.1e-4./((lambda/1e-
6).^4);%Sutherland 
npolymer=1.5130+.0045./((lambda/1e-6).^2)+1.8e-4./((lambda/1e-
6).^4);%Li baird et al. 
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nextraordinary=1.6993+8.5e-3./((lambda/1e-6).^2)+2.7e-3./((lambda/1e-
6).^4);%E7 
nordinary=1.4998+6.7e-3./((lambda/1e-6).^2)+4e-4./((lambda/1e-
6).^4);%E7 
ni=sqrt((1/3)*(2*nordinary.^2+nextraordinary.^2));%Intrinsic n for LC 
in solution 
nL=sqrt(fLs*ni.^2+(1-fLs)*npolymer.^2);%index in low n region 
nm=sqrt((fHs*ni.^2+(1-fHs-fd)*npolymer.^2)/(1-fd));%index of regions 
around droplets 
nd=sqrt(ni.^2+beta*S*(nextraordinary.^2-nordinary.^2));%effective 
droplet index 
nH=sqrt(fd*nd.^2+(1-fd)*nm.^2);%index in high n region 
  
mord=nordinary./nm; 
mext=nextraordinary/nm; 
  
m1=nd./nm;%average m for droplet 
  
k=k0.*nm;%wavenumber in polymer matrix material (is this necessary?) 
  
Lx=41;%Dimension of one length of lattice array 
Lxh=(Lx-1)/2; 
N=Lx^3;%size of lattice 
  
d=5e-9;%Lattice spacing 
  
x=(-Lxh:Lxh)*d; 
y=(-Lxh:Lxh)*d; 
z=(-Lxh:Lxh)*d; 
  
rdrop=35e-9; 
count=1; 
  
r=zeros(N,3); 
  
%% Creating dipoles on sphere 
for a=1:Lx 
    for b=1:Lx 
        for c=1:Lx 
            if(sqrt(x(a)^2+y(b)^2+z(c)^2)<=rdrop) 
                r(count,:,J=[x(a) y(b) z(c)]; 
                count=count+1; 
            end 
        end 
    end 
end 
r( all(~r,2), : ) = []; 
Ndipole=count-2;%number of dipoles 
  
%% Calculating field at each dipole 
  
E0=[1 0 0]; %incident field polarization 
E1=zeros(Ndipole,3,length(lambda)); 
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Ei=zeros(Ndipole*3,length(lambda)); 
  
for j=1:length(lambda) 
    kvec=[0 0 k(j)];%vectorize wavenumber 
    D=ones(Ndipole,1); 
    kr=dot([kvec(1)*D kvec(2)*D kvec(3)*D],r,2); 
    expikr=exp(1i*kr); 
    E1(:,:,j)=[E0(1)*expikr E0(2)*expikr E0(3)*expikr];%Efield at each 
dipole 
    Ei(:,j)=col3to1(E1); 
     
end 
  
%% Calculating polarizability at each dipole (LDR method) 
  
b1 = -1.8915316; 
b2 = 0.1648469; 
b3 = -1.7700004; 
  
mosqr=mord.^2*ones(N,1); 
mesqr=mext.^2*ones(N,1); 
dcube = d^3; 
  
 a_hat = kvec/norm(kvec); 
 e_hat = E0/norm(E0); 
 S = 0; 
 for j = 1:3 
   S = S + (a_hat(j)*e_hat(j))^2; 
 end 
  
  
  
%ordinary axis 
alpha_Cmo = 3*dcube/(4*pi)*(mosqr – 1)./(mosqr + 2); % Clausius-
Mossotti 
alpha_LDRo = alpha_Cmo./(1 + 
(alpha_Cmo/dcube).*((b1+mosqr*b2+mosqr*b3*S)*(k*d)^2-
2/3*1i*k^3*dcube)); 
  
%extraordinary axis 
alpha_Cme = 3*dcube/(4*pi)*(mesqr – 1)./(mesqr + 2); % Clausius-
Mossotti 
alpha_LDRe = alpha_Cme./(1 + 
(alpha_Cme/dcube).*((b1+mesqr*b2+mesqr*b3*S)*(k*d)^2-
2/3*1i*k^3*dcube)); 
  
xj=r(:,1);%coordinates of each dipole 
yj=r(:,2); 
zj=r(:,3); 
  
aj=atan2(zj,yj);%rotation angles of each dipole for bipolar 
configuration 
bj=0; 
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cj=(pi/2-atan2((xj.*(yj.^2+zj.^2).^.5),(rdrop^2-xj.^2))); 
  
  
Linitial=[0; 1e-9; 0]; 
  
Rxrand=[1 0 0; 0 cos(xrotrand) –sin(xrotrand); 0 sin(xrotrand) 
cos(xrotrand)]; 
Ryrand=[cos(yrotrand) 0 sin(yrotrand);0 1 0;-sin(yrotrand) 0 
cos(yrotrand)]; 
Rzrand=[cos(zrotrand) –sin(zrotrand) 0; sin(zrotrand) cos(zrotrand) 0; 
0 0 1]; 
  
Rxrand2=[1 0 0; 0 cos(xrotrand2) –sin(xrotrand2); 0 sin(xrotrand2) 
cos(xrotrand2)]; 
Ryrand2=[cos(yrotrand2) 0 sin(yrotrand2);0 1 0;-sin(yrotrand2) 0 
cos(yrotrand2)]; 
Rzrand2=[cos(zrotrand2) –sin(zrotrand2) 0; sin(zrotrand2) 
cos(zrotrand2) 0; 0 0 1]; 
  
Mrand=Rxrand2*Ryrand2*Rzrand2*Rxrand*Ryrand*Rzrand; 
  
  
alph = zeros(3,3,Ndipole); 
%% Rotating Alpha 
    fig3=figure(3);  
    set(3,’Color’,[1 1 1]) 
    set(gca,’FontSize’,36); 
    title(‘Liquid Crystal Droplet – Bipolar Configuration’); 
     
for j = 1:Ndipole 
     
     
  Rxj=[1 0 0; 0 cos(aj(j)) –sin(aj(j)); 0 sin(aj(j)) cos(aj(j))];  
  Rzj=[cos(cj(j)) –sin(cj(j)) 0; sin(cj(j)) cos(cj(j)) 0; 0 0 1]; 
  Mj=Rxj*Rzj;     
  alphx=alpha_LDRo(j); 
  alphy=alpha_LDRe(j); 
  alphz=alpha_LDRo(j); 
  alphtensor=[alphx 0 0; 0 alphy 0; 0 0 alphz]; 
   
    
  Lj=Mj*Linitial; 
     
   
  %Plot LC orientation in drople 
        if counter==1 
            lobj=line([xj(j) xj(j)+Lj(1)],[yj(j) yj(j)+Lj(2)],[zj(j) 
zj(j)+Lj(3)]); 
            set(lobj,’Linewidth’,2) 
            hold on 
        end      
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  alphrotated=Mj^(-1)*alphtensor*Mj; 
   
  alph(:,:,j)=alphrotated;%Full rotated tensor passed to global A 
end 
  
  
  
%% Caclulating interaction matrix A 
  
A=single(zeros(3*Ndipole, 3*Ndipole)); 
I=eye(3); 
alphinv=zeros(3,3,N); 
  
for count=1:Ndipole 
    alphinv(:,:,count)=alph(:,:,count)^-1; 
end 
  
for jj=1:Ndipole 
    for kk=1:Ndipole 
        if jj ~= kk 
           rk_to_rj = r(jj,J-r(kk,J; 
           rjk = norm(rk_to_rj); %sqrt(sum((r(jj,J-r(kk,J).^2)) 
           rjk_hat = (rk_to_rj)/rjk; 
           rjkrjk = rjk_hat’*rjk_hat; 
  
       
           Ajk = exp(1i*k*rjk)/rjk*(k^2*(rjkrjk – I) + (1i*k*rjk-
1)/rjk^2*(3*rjkrjk – I)); %Draine & Flatau 
       
           A((jj-1)*3+1:jj*3,(kk-1)*3+1:kk*3) = Ajk; 
     
        else 
           A((jj-1)*3+1Ljj-1)*3+3,(jj-1)*3+1Ljj-
1)*3+3)=alphinv(:,:,jj); 
  
  
        end 
    end 
end 
  
%% Solving for polarizations 
  
P=gmres(A,Ei); 
clear A 
  
%% Finding Extinction cross section 
  
C(counter,runcount) = 4*pi*k/sum(abs(E0.^2))*imag(dot(Ei,P)); 
xsf=2*pi*rdrop/lambda; 
Q(counter,runcount)=(4/xsf)^2*imag(dot(k^3*Ei,P)) 
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end 
end 
  
toc 
%% Plotting 
fig2=figure(2); 
set(2,’Color’,[1 1 1]) 
plot(wavelengths*10^9,Q,’LineWidth’,2); 
set(gca,’FontSize’,36); 
holder=ylim; 
title([‘Scattering Efficiency Factor 1 Aligned Drop E7 in NOA65 35nm’, 
10, ‘kdir= [‘, num2str(a_hat), ‘]  E0= [‘, num2str(E0), ‘]’ ] ); 
xlabel(‘Wavelength (nm)’); 
ylabel(‘Qscat’); 
hold on 
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